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1 Title of Invention' 

ULTRA DENSE INTEGRATED CIRCUITS 

2 Claims 

I. A conductive line including conductive films surroimding the sidcwalls of a plurality of 
semiconductor devices, and conducdve films under patterned materials at bottom of the 
grooves. 

2. A ootiducdve line according to claim 1 wherein said semiconductor devices are vertical 
fidd-effect transistars. 

3. A conductive line according to claim 1 wberda said conductive films are much lower than 
the top pans of said semiconductcff devices, 

4. A conductive line according to claim 1 wherein said patterned materials are conducdve 
and said patterned materials are not only a patterning mask of said conductive films but 
also a part of said conductive line to rediice the resistance of said conductive line. 

5 . A conductive line according to claim 4 wherein said conduaive films and said 
patterned m a t erials are much lower than the top parts of said secmconductor devices. 

6. A base structure comprising: 
a first semiconductor; 

a second semiconductor on said first semiconductor, a third heavily doped semiconducior cMi 
said second semiconductor; 

a fourth semiconductor on said first semiconductor; a fifth heavily doped semiconductor on 
said fourth semiconduaor; 

a dielectric dividing said second, third, fourth, and fi£± semiconducton into a plurality of 
regions; 

a plurality of semiconductor devices on said third and fifih semicondctCR^, respecdvely; 

a plurality of conductive lines including conductive films sunounding the side walls of said 
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scnnconductor devices, and conductive films under patterned materials at bottom of the 
grooves. 

7 . A basic structure according to daim 6 whcrdn die vertical dimensions of said dielectric in 
sonae areas are different 

8. A cooducdvelincaax3rding to claim 6 whcreia said conductive films are m 
the top parts of said semiconductor devices. 

9. A baac structure accoiding to daim 6 wherein said first semiconductor is heavily doped. 

10. A basic structoire according to claim 6 wherein said second semiconductor is lightly 
doped. 

11. The fourth sccomductor of claim 6, further Including a relatively high doping 
scmiccHiductor and a relatively low doping semiccxiductor. 

12. A basic structore according to claim 6 whcrem said second and fifdi semiconductor have 
the same conductivity type as said first semiconductor and said third and fourth 
scmiconducton have the opposite conductivity type as said first semiconductor. 

13. The basic strucmre of claim 6, produdng ultra dense dynamic random access memory 
arrays with a minimum 4 lithographic squares cell size, ultra dense full single crystal 
semiconductor 6-T static random access memory arrays with a minimum 40 lithographic 
squares cell size, and extremely high density logic circuits. 

14. A baac structure compris in g: 

a first semiconductor; 

a second semiconductor on said fiyrst seniconductor, 
a third semiconductor oa said second semiconductor, 

a fourth semiconductor on said second semiconductor, a fifth semiconductor on said fourth 
semiccnductor, 
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a sixth semiconductor on said second semicooducton a seventh semiconductor on said sixth 
semiconductor^ 

a surrounding material dividing said second, third, fourth, fifths sixth, and seventh 
semiconductDTs into a plurality of regions; 

a plurality of semiconductor devices on said third, fifth, and seventh semicondctors, 
respectively; 

a plurality of conducdve lines including conductive fihiis surrounding the sidewalls of said 
semiconductor devices, and conductiYe films under patterned materials at bottom of the 
grooves. 

15. A basic structure according to claim 14 wherein the vertical dimensions of said 
smrounding material in some areas are different 

16. The surrounding material of claim 14, further including a thin insuladvc film, a dielectric, 
and an eighth semiconductor. 

1 7 . A sunxxxnding material according to claim 16 wherein said dielectric is on said eighth 
semiconductor. 

18. A basic structure according to claim 14 wherein said conductive films arc much lower 
than the top parts of said semiconductor devices. 

19. A basic structure according to claim 14 wherein said first semiconductor is hcavUy 
doped. 

20. A basic structure according to claim 14 wherein said second semiconductor is heavily 
doped 

21. A basic structure according to claim 14 wherein said third semiconductor is heavily 
doped. 

22. The founh secomductor of claim 14, further including a relatively high doping 
semiconductor and a relatively low doping semiconductor. 
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23. A basic structure acooiding to claim 14 whod^ 

heavily doped and said sixth semiconducior is lighdy doped 

25. A basic structure according lo claim 13 whereifl said fourth and seventh sctmconductors 
have the same conductivity type as said first semiconductor and said second, third, fifth, 
and sixdi scmiconductois have the opposite conductivity type as said first secodconductor. 

26* The basic structure of claim 13. producing ultra dense dynamic random access memory 
arrays with a minimum of 4 lithographic squares cell size, ultra dense full single crystal 
semiconductor 6-T static random access memory arrays widi a minimum of 40 
lithographic squares cell size, and exocmely high density logic circuits. 

27 ; A basic structure comprising: 

a conductive film surrounding about half of a semiconductor island; 

a pluraliQr of said conductive fihns self-aligned connecting together to form conducdve lines; 

thin dielectric film between said conductive film and semiconductcr island 

28. A basic stnicture according to claim 27 wherein said conductive films are much lower 
than the top pans of said semiconductor islands. 

29. A basic structure comprising: 

conductive films surrounding semiconductor islands and disconnecting each other; 

thin dielectric film between said conductive film and semiconductor island; 

dielectrics surrounding said conductive films; 

conductive materials, one of which connecting said two conductive films to fom a conductive 
line, disconnecting each other. 

30. A basic stmcture according to claim 29 wherein said conductive films and conductive 
tnaieiials are much lower than die top parts of said semiconductor islands. 
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a substrate; 

a pluxaliQ^ of storage nodes, surrounded by a cell plaie and dielectrics for capacitors; 
a plurality of semiconductor devices; 

a plurality of word lines including conductive films surrounding the sidcwalls of said 
semiconductor devices, and conductive films under patterned maiciials at bottom of the 
grooves; 

a plurality of bit lines. 

32. An ultra dense dynamc random access memory array according to claim 31 wherein 
some parts of said bit lines are on said semiconductor devices and the other parts of bit 
lines sdck to the sidewalls of said semlconduaor devices. 

33. An ultra dense dynamic random access memory array accoiding to claim 31 wherein said 
conduqive films are much lower than said bit lines. 

34. An ultra dense dynamic random access memory array according to claim 3 1 wherein said 
patterned materials are conductive and said patterned materials are not only a patterning 
mask of said CMductive films but also a part of said word lines to reduce die resistance of 
said word lines. 

35. An ultra dense dynamic random access menuxy array according to claim 34 wherem 
said conducdve films atxl said patterned materials axe much lower than said bit lines. 

36. An ultra dense dynamic random access memory array according to claim 31 wherein the 
area of the horizontal cross section of the active region of said semiconductor device is 
smaller than one minimum lidiographic square and the area of the horizontal cross section 
of said storage node is larger than one minimum lithographic square. 

37. An ultra dense dynamic random access memory array acojrding to claim 31 whei^ 
substrate and storage nodes are heavily doped semiconductors. 
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38. The ultra dense dynamic random access memory array of claim 3 1 , further including a 
dielectric between said conductive films and cell plates. 

39. An ultra dense dynamic random access memory array according to claim 3 1 wherein die 
channel length and threshold voltage of said semiconductor devices arc determined by 
ion-implantadoiL 

40. An ultra dense dynamic random access memory array accoiding to claim 31 wherein the 
channel length of said semiconductor device is determined by two ion ixEQ)lant$. 

4 1 . An ultra dense dynamic random access memory array accoiding to claim 31 wherein the 
channel length of said semiconductor device is only determined by one ion inq)lant when 
the doping profile of said ion implant is used 

42. An ultra dense dynamic random access wctxKxy array according to claim 31 wherein said 
conductive films are used as a doping mask to form shallow source and drain extension 
regions of said semiconductor devices. 

43. An ultra dense dynamic random access memory anay according to claim 31 wham said 
storage nodes are pillar-shaped. 

44. An ultra dense dynamic random access memory array according to claim 31 wherein said 
storage nodes are tabe*shapcd 

45. An ulna dense dynamic random access memory amy according to claim 44 wherein 
the doping concentrations of the outside and inside surfaces of said tube-shaped 
storage nodes are different 

46, Bit lines of an ultra dense dynamic random access memory array below all transistors 
including access transistors and logic transistors. 

47. Storage nodes of an ultra dense dynamic random access memory anray, made fix)m multiple- 
level intexconnea and oontaa materials. 

48. The storage nodes of claim 47, completely surrounded by insulating materials, 

49. The storage nodes of claim 47, occupying ahnost all the area of said dynamic random 
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so. Storage nodes according to claim 47 wherein die spacing between said two neighboring 
storqge nodes is much smallo-than a mimmiunlidiographic line widttt 

5 1 . Storage nodes according to claim 47 wherein said storage nodes are pillar.shq)cd 

52. Storage nodes according to claim 47 wherein said storage nodes arc tube-shaped. 

53. Storage nodes of an ultra dense dynamic random access memory airay, ma^ i> from multiple- 
level interconnect materials. 

54. Storage nodes of an ultra dense dynamic random access memory aixay, made from multiple- 
kvel contact mfltwH^is 

55. A part of a storage node of an ultra dense dynamic random access memory array, made from 
multiple-level interconnect and contact materials. 

56. A part of a storage node of an ultra dense dynamic random access memory array, made from 
multiple^level interoonnect materials. 

57. A part of a storage node of an ultra dense dynamic random access memory array, made ftom 
multiple-level contaa materials. 

58. Both hori2ontal doping profile and vertical doping profile, not uniform between heavfly doped 
source and drain regions of a vertical field-effect transistor. 

59. The vertical field-effect transistor of claim 59, including relatively low doping body regions, a 
relatively high doping body region, a relatively low doping channel region, and shallow 
source and drain extension regions between said heavily doped source and drain regions. 

60. The vertical field-eflfea transistor of claim 59. including relatively low doping body regions, a 
relatively high doping body region, a relatively low doping buried channel region, and 
shallow source and drain extension regions between said heavily doped source and drain 
regions. 
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1 74. A basic structure comprisiag: 
a substrate; 

a plurality of semiconductor islands disposed on said substrate; 
a conductive film surrounding each of said plurality of semiconductor islands, 
wherein said couducti ve film is patterned to form a plurality of conductive lines; 
a patterned material, 

whereio said patterned material is conductive and said patterned material is not only a 
patterning mask of said conductive film but also a part of each of said plurality of 
conductive lines to reduce a resistance of each of said plurality of conductive lines; 

an insulating film between said conductive film and each of said plurality of semiconductor 
islands. 

175. A basic structure according to claim 174 wherein said plurality of semiconductor 
islands are a plurality of vertical field-effect transistors and said conductive film is not 
only a gale electrode of each of said plurality of vertical field-effect transistore but also a 
doping mask of source and drain extension regions of said plurality of vertical field- 
effect transistors. 

176. The basic structure of claim 174, further forming a dynamic random access memory 
array. 

177. The basic structure of claim 174, further forming a static random access memory array. 
1 80. A basic structure comprising: 

a conductive film surrounding a semiconductor island; 

a dielectric film between said conductive film and said semiconductor island, 

wherein said semiconductor island is a vertical field-efTect transistor, said conductive film is a 
gate electrode of said vertical field-effect transistor, and said dielectric film is a gate 
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wherein both horizontal doping profile and vertical doping profile are not uniform between 
heavily doped source and drain regions of said vertical field-effect transistor. 

181 . The vertical field-effect transistor of claim 180» including low doping body regions, a 
high doping body region, a low doping channel region, and source and drain extension 
regions between said heavily doped source and drain regions. 

182. The vertical field-effect transistor of claim ISO. including low doping body regions, a 
high doping body region, a low doping buried channel region, and source and drain 
extension regions between said heavily doped source and drain regions. 

183. The basic structure of claim 180, further forming a dynamic random access memory 
array. 

184. The basic structure of claim 180, furtherforming a sialic random access memory array. 

185. A basic structure comprising; 
a substrate; 

a plurality of semiconductor islands disposed on said substrate; 
a conductive film surrounding each of said plurality of semiconductor islands, 
wherein said conductive film is patterned to form a plurality of conductive lines; 
a dynamic random access memory array, 

wherein said dynamic random access memory array includes a plurality of different doping 
concentradons of storage nodes; 

an insulating film between said conductive film and each of said plurality of semiconductor 
islands. 

1 86. A basic structure comprising: 
a substrate; 

a plurality of semiconductor islands disposed on said substrate; 



- 9 - 



(133) Jt#l¥l 0-7 9 4 8 2 

a conductive film surrounding each of said plurality of semiconductor islands, 

wherein said conductive film is patterned to fomi a plurality of conductive lines; 

a dynannic random access memory array. 

wherein said dynamic random access memory array includes a plurality of tube-shaped 
storage nodes, 

wherein each of said plurality of tube-shaped storage nodes includes a plurality of different 
doping concentrations of semiconductors; 

an insulating film between said conductive film and each of said plurality of semiconductor 
islands. 

1 87. A basic structure comprisi ng: 
a substrate; 

a plurality of semiconductor islands disposed on said substrate; 
a plurality of conductive films disposed on said substrate. 

wherein each of said plurality of conductive films less than 360 degrees encircles each of said 
plurality of semiconductor islands, 

wherein said plurality of conductive films seif*aligned connect together to form a plurality of 
conductive lines, 

wherein said plurality of conductive lines are separated each other; 

an insulating film between each of said plurality of conductive films and each of said plurality 
of semiconductor islands, 

wherein each of said plurality of semiconductor islands includes a vertical field-effect 
transistor, 

wherein each of said plurality of conductive films is a gate electrode of said vertical field- 
effect transistor, 

wherein said insuladng film is a gate insulator of said vertical field-effect transistor. 



- 10 - 



#PffW 10-7 9 4 8 2 



wherein both horizontal doping profile and vertical doping profile are not uniform between 
heavily doped source and drain regions of said vertical field-effect transistor. 

188. TTie vertical field-effect transistor of claim 187, including low doping body regions, a 
high doping body region* a low doping chaanel region, and source and drain extension 
regions between said heavily doped source and drain regions. 

189. The vertical field-effecl transistor of claim 187, including low doping body regions, a 
high doping body region, a low doping buried channel region, and source and drain 
extension regions between said heavily doped source and drain regions. 

1 90. A basic structure comprising: 

a substrate; 

a plurality of semiconductor islands disposed on said substrate; 
a plurality of conductive films disposed on said substrate, 

wherein each of said plurality of conductive Alms less than 3€0 degrees encircles each of said 
plurality of semiconductor islands, 

wherein said plurality of conductive films self-aligned connect together to fonii a plurality of 
conductive lines, 

wherein said plurality of conductive lines arc separated each othen 

an insulating film between each of said plurality of conductive films and each of said plurality 
of semiconductor islands; 

a dynamic random access memory array, 

wherein said plurality of conductive lines are word lines of said dynamic random access 
memory array; 

a patterned material, 

wherein said patterned material is conductive and said patterned material is not only a 
patterning mask of said plurality of conductive films but also a part of each of said 
word lines to reduce a resistance of each of said word lines. 

191. A basic stmcture according to claim 190 wherein said dynamic random access memory 
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array includes a plurality of bi( lines and semiconductor devices. 

192. A basic structure according to claim 191 wherein some parts of said plurality of 
bit lines are on said plurality of semiconductor islands and the other parts of said 
plurality of bit lines adhere to sidewalls of said plurality of semiconductor islands. 

193. A basic stmcture according to claim 190 wherein said dynamic random access memory 
array includes a plurality of two-level bit lines. 

1 94. A basic structure comprising: 

a substrate; 

a plurality of semiconductor islands disposed on said substrate; 
a plurality of conducti ve films disposed on said substrate, 

wherein each of said plurality of conductive films less than 360 degrees encircles each of said 
plurality of semiconductor islands. 

wherein said plurality of conductive films self-aligned connect together to form a plurality of 
conductive lines, 

wherein said plurality of conductive lines arc separated each other; 

an insulating film between each of said plurality of conductive films and each of said plurality 
of semiconductor islands; 

a patterned material, 

wherein said patterned material is conductive and said patterned material is not only a 
patterning mask of said plurality of conductive films but also a part of each of said 
plurality of conductive lines to reduce a resistance of each of said plurality of 
conductive lines. 
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3 Detailed Description of Invention 

FIELD OF THE INVENTION 

This invention relates, in general, to semiconductor device structures, interconnect methods, 
and fabrication techniques, and in particular, to ultra dense memory arrays and the methods of 
fabiicatioa. 



BACKGROUND OF THE INVENTION 

MOS integrated ciraiit technologies have made tremendous prcgrcss widiin a very shon period 
of rime. EsptciaUy within the last two decades when semicotiduaor memories started to replace 
conventional ujagnctic core memcuies, progress in integration density has increased at an extremely 
high rare. MOS random access memories (RAMs) devices have played a very important role in 
developing the new generation of fahricatioft techiiology. His is due to the fact that metnory device 
have high regwlarity, which is a great advantage in developing new processing technology. In 
addition, the fact tiiat there exists quite a large market f.jr memory devices altowing a large amount 
of resources to be invested results in very strong conipctition in research and development The 
fabrication technology introduced by the development of RAMs has been tiansfared to a variety of 
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fabrication products. 

Then are dynamic and static RAMs. Dynamic RAMs (DRAMs) state charge on a capaciinr and 
static RAMs (SRAMs) use a Utch to store data. In CMOS, a latch is cpmmonly foimed by two 
cross-coupled inverters. The onc-transistor (l-T) DRAM cdl is most attractive for high density 
oacmory arrays due to the smaUer ceU area. Both DRAMs and SRAMs are key components m 
computer systems and supporting progress in data processing systems. 

AppUcatioQs demanding greater speed in new gencratioa computers demand a corresponding 
increase in memory size to effectively urilire tixose speed improvements. The addition of low 
density chips to increase memory size can have an adverse effect on dj^ reliabiUty of the system. 
For this reason, DRAM designers have been driven to achieve smaller size of a cell in' new cell 
designs. In addition to improving perfomance and reliabiUty. the decreased size of a ccB reduces 
the size, price and weight of the overall systeia 

In order to realize high density DRAMs. many leading semiconductor manufacturers have 
launched very strongly competing ceU structure innovations in the world; a number of memory ceU 
structures, such as trench capacitor cells and stacked capacitor cells, have been developed. 
However, further down-scaling of these cells would hardly satisfy both the ceU area and storage 
capacitance requirements toward 256 Mbit and beyond. Some new three-dimensional memoiy cells 
which are named 1-F (feature size) ceU, 2-F ceU. and 4-F cell are proposed in die second 
invention. TTiey can achieve an incredibly small ceU size of a minimum 1-4 Uthographic squares 
and a large capacitance without ceU leakage. For comparison. I give the following table for die 
most advanced DRAM cells in the world. 

(the niunberof minunum litbogr^jhic squares) 



Fujitso Led 


3-<!imciu2onaI stacked capacitor cell 


17.6 


IBM 


Commercial 16Mb DRAM cell 


16.3 


Mitsubishi 


Novel stacked capacitor cell 


14.4 


Electric Coep. 


with d&al ceU plate 




NECQ)fp. 


Cdpaclior-ovcr*bit-line cdl 

with a hemispherical-grain storage node 


14.4 
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Hitachilid. Ik^wasdaoicapaauxlX^^ 13.4 
by a storage capBdtor 00 a bic-line stniciute 

IBM Buried-oecich DRAM ceil using a self 10.8 

-aligned qtttaxy over tiench tecimolosy 

Toshiba Corp. AsynuDetricd stacked tieacb ca|^^ 9.6 

Toshiba Cotp. Spread soum/draln MOSFET 8.0 
using selective silicon growth 

Toshiba Corp. SunouiKliag gate transistor cell 7.2 

HuiLai 4*Fcdl 4.0 

HuiLai 2-Fcell 2.0 

HuiLai NFccli 1.0 



From the above table, we can see that the new DRAM cells in the second invention have the 
smallest cell aica among all the cells in the world This will lead to some great advantages. For 
example, using the 4-F cell, we can tcpply conventional optical lithographic technology for 64 Mbit 
DRAM production witii a relaxed design rule of 0.6 nm; SEMATECH and other companies have 
to use deep-uv or phase-shift technology for 64 Mbit DRAM production with 0.35 pjn design rule. 
Using the design rule of 64 Mbit DRAM (0.35 |im), the 4-F cell can achieve a cell area of 256 Mbit 
DRAM (0.5 For the 1-F and 2-F cells, they can be used for multiple Gbit DRAMs. 

Therefore, the new cells will be able to pave the way to giga-bii DRAM era. This will make 
semiconductor memory devices replace rotating disc media (disk drivers) in the computer to lead to 
the next computer revolution. This will also lead to the development of the other new products and 
technology. For example, language- translation devices, intelligent devices, high-defination and 
interactive TV, high-defination video receivers^ecorders, and storage systems require huge 
amounts of n^emory. If high-level language-^translation devices are achieved, people do not need to 
spend time to learn many languages, more business opportunities outside the U.S. would be 
created, and people in different parts of the world would work more closely, sociably, and 
efficientiy. 
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Although the DRAM cell can provide the highest density memory arrays, SRAM has a higher 
speed, a wider operational margin, higher reliability, and ease of use. In Mcga-bit SRAMs, 
. reducing the ccU size and decreasing the supply vdta^^ 

stores "high- u> decrease. Therefore cell operation stability is becoming a serious problem- One of 
the solutions of this problem is lo increase the cell ratio (bD/bA) by adopting a large size ratio 
((Wd/LdVCWa/La)) of a driver transistor to an access transistor. However, this is inconsistent 
with reducing cell size and is therefore unsuitable for Mcga-bit SRAMs. Recently, another solution 
has been developed Polycrystalline-silicon TFT fThin Film Transistor) loads have been used 
instead of polyciystalline-silicon (poly-Si) resistors in order to obtain a high charging current and 
low leakage current for die cell node. However, the levels of on/off current of the poly-Si diin fihn 
transistor are not enough to solve the above problem for 64 Mbit SRAMs and beyond. If single- 
crystalline-silicon transistors are used instead of said poIy-Si transistors, the problem rf on/off 
current can be solved However, the single-crystalline-silicon transistors could not be used as 
loads in tiie conventional cell structures of Mega-bit SRAMs because the poIy-Si TTT loads are 
stacked on single-crystalline-silicon transiston to decrease cell areas. If singJe-ciystallinc-silicon 
transistors must be used as loads, all transistors have to be fabricated on the same level, but this 
leads to larger cell areas and lower density integrated circuits. Fortunately, the second invention 
overcomes this very difficult problem by using new cell structures. The new structures not only 
can achieve the smallest cell size for high density SRAM and the largest W/L ratio for high noise 
immunity in the world, but also use siixgle-crystallinc-silicon transistors as loads instead of die 
stacked poly-Si transistors to provide good transistor characteristics to solve the problem of on/off 
current For comparison, I give the following table for the most advanced SRAM cells in the 
world. 

romrany sram ceii siTcofCfcU 

(the number of minimum litho^phic squares) 

Philips O.SMjn bdk fuU CMOS 6-T ceU 100.8 

Research Lab. with fuBy overiappng contacts 

Motorola Inc. QJ^m BiCMOS triple poly-Si 4-T ccU 1 00.0 

Texas Oi^un BiCMOS ceU with a vertical NMOS driver 92.0 

Instruments transistor and a stacked poly-Si PMOS load device 

Mitsubishi A large ccn-ratio and low node leak 1 6Mb 63.9 
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Eleciiic Corp. SRAM cdl usiAg ring-gale tnnsistGrs. 

OJSiia, rcQognde twin weD, quadruple poly-Si, 
double netal, stacked poly-Si PMOS. 



FuJitsuUd. A split word line cell for 16Mb 54^ 
SRAM using polysilicon sidewall contacts. 
0.4pm, twin well, quinoiple poty, 
double meiai, stacked poly*Si PMOS. 

HitachiUd. A pn^ snper tow power SRAM cell 4&1 
using a new phase-shift lithography. 
0 J5^m. aiplc well, quadraple poly-Si, 
double metal, stacked pdy-Si PMOS. 

HitactdLtd. 0.6iun stacked poly-Si PMOS cell 472 



NEC Corp. 16Mb SRAM cdl using a setf-aligncd 45.0 
contact process. 0.4|im design rale. 

Hui Lai Full single crystal Si 6-T cell 40.0 
SRAM process is c(»npleteiy compatible 
to DRAM and CMOS logic cireuit process. 



Hie diird great advantage of the second invention is that tnemoiy ciicuics (DRAM and SRAM) 
can be integrated with CMOS logic circuits (txdcroprocessor) on the same chip because the new. 
device structures, inteicoimect methods and process technology sadsfy both the requirement of 
high density for memoiy arrays and the requirement of high performance for logic circuits 
simultaneously. It is levoludonary that the advent of a new class of merged memory/logic devices 
can search for informadon in parallel much more cfficicndy than today. Second, it overcomes the 
drawback of the design "bottle neck" (or the von Neumaxm architecture). Third, it is generally 
conceded that computers 1000 times faster than today's supercomputers will be required in the 
future to process image and other array signals in the coming decades. This has led concqputer 
scientists to direct their effects toward the area of large-scale multiprocessor networks in which 
speed is gained tiuough massive parallel airays of processors. However, clock speeds and data 
rates are often set by the requirements of off-chip communications. Using the second inventioiu 
the functions of hundreds of microprocessor and memory chips can be integrated into a single chip 
because the proposed device structures and interconnect methods lead to the highest density 
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iniegratcd circuits in the world. This would eliminate inter-chip conimunicaiions that rtquii^ 
dnving long traMurission lines between chips. Therefore, the speed of the "massively parallel- 
laptop supacomputcr will exceed that of any other proposed computer in the world. 

The fourth great advantage of the second invention is that both memory circuits and logic 
dicuits may achieve ultra density. For example, the layout arta of a new fuU adder is about 8 times 
smaller than that of a convcadonal fiill adder with the same design rules. 
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BRIEF SUMMARY OF THE INVENTION 

. It is the principal object of this invention to fabricate ultra dense integrated ciiuuits including 
dynamic random access memory (DRAM) anays, static random access memory (SRAM) arrays, 
and logic diciiits using new sotuconductor device stmctuies, intcrcoonoct medxxls and fabrication 
techniques. This is a key to how gate electrode material can be patterned intelligently to achieve 
ultra dense integrated circuits. Using buried gate structure is another reason to achieve ulna dense 
integrated circuits. The Buried Gate Transistor (BGT) has less short channel effect, higher 
reliability and reproducitivity, and better device uniformity than any other vertical transistor, the 
BGT has higher perfonnance (or higher current diivability) and higher density dian any advanced 
planar transistor because the BGT has a larger efTective channel width, even in a small occupied 
area. Second, the problem of limitation in the channel length imposed by lithogrqshy is overcome. 
Third, the BGT has higher immuniQf against misregistratian and higher yield than any conventional 
device. Therefore, tbo BGT is superior to any other transist<n* in the world. 

An important inq>rovement of this invention is that bit lines of an ultra dense dynamic random 
access memory array are below all transistors including access transistors and bgic transistOTs and 
storage capacitors are above all the transistors. This eliminates trench-u>-trench punch through 
leakage current because storage nodes are completely surrounded by insulators. The storage nodes 
are made up of multiple level interconnects. This reduces the complexity and difficulty of 
fabrication process and the surfoce irregularity. Said new cell is named Buried Bit line (BBL) cell 

Since the spacing between two neighboring storage nodes in the BBL array is much smaller 
than a minimum lithographic line width, the storage nodes occupy almost all the area of said 
DRAM array. This makes the size of trench capacitors achieve a maximam limit at a given trench 
height (or depth). Large capacitor and small leakage current lead to high soft*etrc»^ resistance. 

The BBL array with a minimum of 4 lithographic squares cell size can be integrated on the 
same chip with ultra dense full single crystal silicon 6-T sutic random access uxmacy array with a 
minimum of 40 lithographic squares cell size and extremely high density logic circuits. Access 
transistors of said DRAM, driving, load and access transistors of said SRAM, periphery CMOS 
transistors and CMOS logic transiston arc BGTs and can be integrated on a single chip with the 
same gate and channel lengths. However, any conventional vertical transistors carmot accomplish 
this because they cannot simultaneously satisfy all tfie requirements of different kinds of devices. 

During the fabrication prcxsess of ultra dense integrated circuiu (Figs. 7A-7H10), since 
selective etching, doping effect of etching, side wall spacers 80, and protective layers 63 and 64 of 
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a conductive layer 62 are used, and since an intcxooanect layer 75 and a cell plaie 221 ait patterned 
at the same dme, 14 made levels ate coaq)leiely saved fcr said vcrdcal tiansisior integrated circuits. 
This reduces the complexity of the fabrication process for vertical devices and solves the wiring 
problem, and the difficulty in forming intcrcoonects between vertical transistors. The new pnx:ess 
shown in Figs. 7A-7H10 is also more simple than die advanced planar device processes. 



DESailPTION OF THE PREFERRED EMBODIMENT 

In the following description and as shown in Figs. lA through 15C, specific P and N 
condocdvity type materials and regions arc indicated. These indicadons are by way of example and 
shall not be deemed to limit the teachings of the present invendon. It will be understood that 
devices ha\dng opposite P and N arrangements are considered equivalent in all pertinent respects to 
the devices described herein. 

Embodinoent 1: 

Fig, 116 includes a plane view of one kind of 4-F cell according to an embodiment of die 
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In the drawings, reference numeral 1 denotes a i>-typc silicon substrate, 2 denotes an N^-type 
storage node, 3 denotes a p-iypc body region, 97 denotes a p-type channel region, 18 denotes a 
lightly p-doped body region, 55 denotes a shallow and lightly n-dopcd source or drain cxtcnsioa 
region, 4 denotes a n-typc source or drain, 5 denotes an N+-typc source or drain, 6 denotes a 
polycrystalline silicon layer (plate), 7 denotes dielectrics te capacitors, 8 denotes gate dielectrics, 9 
denotes a gate electrode or a word line, 29 denotes a part of word line, 11 denotes a passivation 
layer (dielectiics), and 12 denotes a bit line (metal). 

In the embodiments of Hgs. 1A45C the portions designated by the same reference numben 
are the same or equivalent portions to those of Fig. 116, and are not explained unless they are 
modified. 

Figs. lA-lIll are plane and section views illustrating the steps in a process for producing 
memory cells according to Embodiment 1 of the present invention. The process consists of the 
following steps: 

(1) A heavily n-iype doped layer 2 and a very lighdy p-type doped layer 18 are first formed 
respectively by the in-sitn doping epitaxy method on a heavily p-doped silicon substrate 1 (Fig, 
lA). Then layers 3. 4 and 5 are formed respectively by ion-implan ration (Fig. IB), Choosing ion- 
implantation to form regions 3, 4 and 5 is due to the implantation process providing high 
unifonnity and precise control over ion energy and dose. Figs. lA-lB also show the preferred 
dopant concentrations in layers 1,2, 18, 3, 4 and 5. 

(2) Dielectric (Si3N4 or SiOi) 27 is deposited on the layer 5 and then patterned as a trench 
etching maslc . The relative shallow trenches are engraved by anisotropic etching. After the etching, 
dielectric (Si3N4 or SiOt) sidewall spacers 16 are fiormed by anisotropic RIE etching (or plasma 
etching) in a weU-known way (Fig.lC). If die dielectric 27 is Si3N4, the sidewaU spacers 16 are 
Si02- It means that die dielectric 27 and the sidewall spacers 16 arc made of different kinds of 
dielectric materials. The sidewall spacers 16 can be selectively removed while the dielectric 27 
remains on the layer 5. For example, a buffered HF solution can offer high Si02/(Si3N4 and Si) 
etch selectivity, Si3N4can be selectively removed using silicon nitride etching solution, such as 
phosphoric acid, US. patent No* 3,859,222 or Transetch-N which the Transene Company Inc. 
has developed and sells commercially. (Transetch-N selectively etches Si3N4 in the presence of 
Si02 or Si. It contains no fluoride, produces no undercutting, provides a wide margin of safe^ in 
selection of etching times.) The sidcwaD spacers 16 not only increase the perimeter of the silicon 
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pillar to achieve large cxxiupied areas of the capacitor, but also protect the chaimel region of devices 
fiom the second relative deep trench etching, Theiefoxe, the chaimd regions are less damaged by 
RIE (or plasma etching). The second relative deq> trendies are engraved into the heavily p-doped 
substrate 1. This improves device isoladon and suppresses cell leakage current It is well known 
thai either chlorine or brooune may be used as cazricr gases for said two anisonnopic trench etching. 
Bromine is preferred because it offers higher Si/Si02 etch selectivity Ot is cited from EDM 9U p. 
836 and Manos and Flamm, "Plasma etching an introduction", pp, 146-148.). The sidewall profile 
of high aspect-ratio trenches is made almost vertical. After the second trench etching, all the 
exposed silicon surfaces are cleaned by slightly etching the surfaces using HNO3(60%)- 
HF(<0-2%)-H2O sohitiott with an extr^dy low HF conccntradon. The mediod removes near- 
surface damage and reduces the concentration of heavy metal surface inq)urines to one tenth that of 
RCA cleaning. The slight etch method is used f(x pre-oxidatioo cleaning of silicon trenches formed 
by reacidve ion etching, MOS c-t retention time and defect density of thermal Si02 in trench 
capacitors is significandy improved by the cleaning. The slight etch cleaning technique yields ultra 
clean and damagc^free surfaces, and significantly improves MOS device characteristics (It is cited 
from. IEDM 88,.p.726). After the cleaning, dielectrics 7 for capacitors are formed by thermal 
oxidation or are deposited on the surface of the trenches to form a capacitor. The dielectrics for 
capacitors 7 may be silicon oxide films, silicon nitride films, or multi-layer films consisting of 
silicon oxide films and silicon nitride films (e.g., Si02/Si3N4 or Si02ySi3N4/Si02)t or hig^ 
dielectric constant insulator films (e*gM Ta205 or BacsSrcsTiOa). The oxide/nitridc/oxide is 
preferred here as the capacitor dielectric because of its excellent reliability. The ONO is formed 
using the conventional method of growing thermal oxide to form the first thin oxide, and partially 
reoxidizdng die silicon nitride to form the top oxide. Thereafter, so the capacitor plate will form, the 
n-type or p-typc polyciystallinc silicon 6 is deposited and etch-backed (Fig. ID). For die hi^ 
aspect ratio trenches, the polyciystalline silicon 6 is replaced by amoiphous silicon to minimiyi* 
voids. When high aspect ratio trenches axe filled with regular poly silicon, voids are formed, which 
is a reliability concexn. There are several reasons for die void fcsmation. Because of the high aspea 
tatio of the trench, the polysilicon deposition rate is slighdy higher near the top the trench dian it 
is near the bottom. As a result, during the poly fill, the top portion of trench tends to dose sooner 
than the bottom, leading to the formation of voids. In addition, if the polysilicon grain size is 
con^jarable to the trench dimension, a nucleated grain may inhibit the filling below it, also leading 
to void formation. Amorphous silicon mininaizes void formation. Amorphous silicon is meta- 
stable, and reciystalization to regular polysilicon is triggered by any heat cycles after the 
deposition. 

(3) The dielectric spacers 16 are selectively removed by wet etching, followed by an important 
process step. Slighdy oblique rotating ion-implantation is used to implant n-type dopants to adjust 
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threshold voltage and fonn shallow source/drain extension regioos 55 for vertical MOSFETs 
(Fig. IE). The process step leads to low direshold volttge in the diaiinel regions 97 and high 
punch-through resistance in the body region 3 becaase p-type dopant concentradon is partly 
compensated by the implanted n-(ype dopants to leduce effective p-typc dopant conceniiarion m the 
channel region. Shallow source/drain junctions will also further prevent punch-through 
phcnoawnon and reduce shon-channel effects. Since the direction of ion-implantation is ahnost 
vertical to source/drain junction depth, more shallow source/drain junction can eaaly be achieved 
xhaa conventional ion implantation whose direction is almost parallel to souicc/diain junction 
depth. Due to very Ughtly doped body regioos 18, the souxce/body and drain/body parasitic 
capacitance is reduced. Rg, lEl shows the dopant concentrations of different regions (rf the device. 

(4) The gate oxide 8 is fcnned on the whole surface m 800 in die dry oxygen with HQ or 
H2O2. Before the formation of the gate oxide 8. all the exposed silicon surfaces are cleaned by 
slighdy etching tht surfaces using HNO3(60%)-HF(<0.2%)-H2O solution witii an extremely low 
HF concentration. The gate oxide 8 may. of course, be formed before slightiy oblique rotating ion- 
implantation. After die formation of gate oxide 8, a heavily n-doped polysilicon film 9 is deposited 
on the whole surface as a material to form a gate electrode or a word line. The polysilicon may, of 
course, be replaced by a silidde or metal such as WSL2, MoSi2, riSi2, W or Al, or by a multi-layer 
structure, i.e.. a polydde strucmre consisting of such a silicide and polysilicon. The polysilicon 9 
thereafter is patterned to form die gate electrodes and word lines. This is a key to how tiie fihn 9 
can smartiy be patterned to achieve an extremely small cell size of a minimum of 4 lidiographic 
squares. Several meUiods are proposed in die present invention, 

(a) Metal 29 is deposited by CVD all over the wafer and then etch-backed to expose die poition 
Of polysilicon over die top part of die silicon pillar islands (Rg. IF). Thereafter, as shown in Fig. 
IG, the metal 29 is patterned by selectively anisotropic plasma etching widi die second mask. 
Selective ctcUng ensures that die polysilicon 9 is not etched or is slighdy etched. Metal 29 may. of 
course, be replaced by any conducting material which can be selectively etched on the gate matedal 
9. Figs. IG 1- 1G2 are section views along die lines IGl and 1G2 of die same strucmre in Fig. 10. 
In spite of neariy 50% misregislrarion, which is unacceptable in a conventional cell, the new cell is 
not degraded. From different cross sections and positions, figs. IG3-1G4 show diat die new cells 
have high immunity against misregistration. After die metal 29 is patterned, die exposed 
polysilicon 9 is etched by selectively anisotropic plasma etching using CF44O2, CF4+N2, CClFa, 
C12402. NFj/Ha, HBr+Cl2+SF6, a2+BCl3+He+02, SiCl4+Cl2 +BCI3+HC+O2, chlorine or 
bromine as an etchant gas in a familiar way. The portion of polysiUcon over die top part of die 
silicon pillar islands and die exposed bottom portion of polysiHcon are completely icmovcd by said 
plasma etchtag; on die odier hand, die part of die polysiUcon along die sidewalls of die sflicon 
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islands remains,becau3e the hei^t of the sidewall polysilioon is higher than the diickness of the 
polysilicon film 9. Ike remaining polysilicon is lower dun the dielectric 27 and the silicon pillar 
island because ±e iwlysilicon 9 can be etched with a selectivity which 

is very important for the new ceU structure. The portion of polysilicon under the metal 29 is not 
etched due to protection of the metal 29. So the remaining sidewall polysilicon, the portion of 
polysilicon under the metal 29 and the metal 29 form gate electrodes and wwd lines (Rgs. IH- 
1H2). The metal 29 is not only die patterning polysilicon 9 mask but also part of the word lines. 
This reduces the resistance of the word lines. Figs. IHJ-1H4 show that the patterning won! line 
process step has high inmiunity against misregistration. All Idnds of the proposed cells or devices 
in the present invenrion have this advantage, so I need not mention this advantage in the following 
sections again. 

b) From Hgs. IH1-1H2 and 1H4, we can see that a polysilicon cell plate 6 is etched during die 
etching of polysilicon 9. In order that a cell plate 6 not be etched or only slightly «ched. another 
method should be used. The metal 29 is deposited by CVD all over the wafer and then etch-backed 
to expose the portion of polysilicon over the top pan of the silicon pillar islands (Fig. IJA). 
Thereafter, as shown in Rg. IJB, the polysilicon 9 and the metal 29 are etched to the proper height 
without a mask, and afterwards, the metal 29 is pattenied by selectively anisotropic plasma etching 
widi the second mask (Fig. IJC). After the metal 29 is patterned, the exposed polysilicon 9 is 
etched by plasma etching. The exposed bottom portion of polysilicon is completely removed by 
said plasma etching. So the remaining sidewall pcrtysilicon, the portion of polysilicon under the 
metal 29 and die metal 29 f<wm gate electrodes and word lines (Fig. 1 JD). 

c) The metal 29 as a patterning mask of the polysilicon 9, of course, may be replaced by 
photoresist or dielectric (SiCh or Si3N4) 20. The photoresist or dielectric 20 is deposited all over 
the wafer and then etch-backed to expose the portion of polysilicon over the top part of the silicon 
pillar islands (Hg. 2B). Thereafter, as shown in Fig. 2CA, the polysilicon 9 is selectively etched to 
the proper height without a mask. Then the photoresist or dielectric 20 is patterned by selectively 
anisotropic etching with the second mask (Fig. 2CB). Fbr exanq)le. Si02 can be etched selectively 
and anisotropicaUy using CF4/H2. HF, HBr. or CHF3 as an etchant gas by familiar means. Si and 
Si3N4 are not etched or are only sHghtiy etched by the selective etching. For example, C31F3 gas 
gives an etch rate ratio of Si02 to Si of about 10. Si3N4 can be etched anisotropicaUy in die RIE 
mode widi a selectivity to Si and SiOj of 20. Either of two source gases, CH2F2 or CH3F, can 
produce these results. After the photoresist or dielectric 20 is patterned, the exposed polysilicon 9 
is etched by plasma etching. The exposed bottom portion of polysilicon is completely removed by 
said plasma etching, so as a result, the remaining sidewall polysilicon and the portion of 
polysilicon under the metal 29 form gate electrodes and word lines. After the formation of word 
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lines, the photoresist 20 must be removed (Hg. 2CC). If the dielectric 20 is the patterning mask of 
polysiiicon 9. it is not necessary to remove dielectric 20. In this method, the cell plate 6 is not 
etched 

d) The photoresist or dielectric 20 is deposited all over the wafer and then etch-backed to 
expose the portion of polysiiicon over the top part of the silicon pillar islands (Fig. 2B). 
Thereafter, the photoresist or dielectric 20 is patterned by selectively anisotropic etching with the 
second masL Then the exposed polysiiicon 9 is etched by plasma etching. The exposed bottom 
portion of polysiiicon Is completely removed by said plasma etching. So the remaining sidcwall 
polysiiicon and the pordon of polysiiicon under the metal 29 form gate electrodes and word Uncs 
(Fig. 2C). In this method, a part ofthc cell plate 6 njay be etched. 

The above proposed methods have one point in common in so far that both of the ponions of 
polysiiicon over the top part of the silicon pillar islands and the upper pordon of polysiiicon along 
the sidewaUs of the silicon islands arc completely removed while both the portion of polysiiicon 
on the cell plate 6 in some places and the lower pordon of polysiiicon along the sidewalls of the 
silicon island remain. The goal in mind is to use certain materials to protect the bottom portion of 
polysiiicon while leaving improtccicd die upper portions of polysiiicon. 

(5) After the formation of gate electrodes and word lines, a thick dielectric (Si02) 1 1 is 
deposited by CVD. After the thick CVD deposit has been produced, a thick photoresist is 
deposited Tlie photoresist is usually so thick that it covers all the steps well, making the top 
surface flat. A plasma or reactive-ion-etching process is chosen to etch the resist and the CVD 
deposit at the same rate. The surface is etched until all resist and part of the deposit is etched off, 
leaving the surface flat (Li is cited from S.M. Sze, ^0^1 Technology", 1988, p. 415). The RIE 
etch back is followed by chemical mechanical polish (CMP) to improve the result of planarization 
further. The feamre of the CMP is that the removed rate of the small elevated features (spikes) is 
larger than the averaging effea of die removal rate over all the exposed regions (See lEDM 89> p« 
61). CMP can provide global thickness uniformity of 10% over the wafer (See IBM J. Res. 
Develop., VoL 34, No,6. Nov, »90, p. 864). *^ 

(6) After the planarization piocess, die dielectric (SiOi) 1 1 is etched to a proper depth by using 
selectively anisotropic plasma etching with the Uiiid mask. The silicon region 5 is not etched or is 
only slightly etched Thereafter^ metal (or polysiiicon, polycide) 12 is deposited and etched back to 
remove excess metal 12 on the upper surface of the dielectric 11 to form the bit lines. The method 
of formation of bit lines and bit line contacts used here save a mask level. For conventional 
methods, die fonnation of bit line contact holes and die formation of bit lines each need a mask 
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level . From different directioo. fig. Ill gives a cross scctioo view along the line 111 of the saine 
structure in Fig. IL Even if close to 50% misregistration occurs, unacceptable in a conventional 
cell, the new cell is not influenced because the sidcwall bit line contact is used (Fig. ID). Since the 
gate electrodes 9 is much lower than the vertical position of the bit line and top part of n-dopcd 
source or drain regions 5, tc^ and side bit line contact can be used to reduce the contact resistance 
and eliminate the reglsttaiion tolerances of the contact hole. In other words, the position of gate 
electrodes 9 is low enough that the bit line contacts (or bit lines) and word lines (cr gate electrodes) 
can not short-circuit even if they are at the same horizontal position. The new access transistor of 
DRAM cell is named buried gate transisto^ (BGT). In die conventional SGT cell (suxxounding gate 
transistor cell developed by K. Sunouchi et al\ the intended gate length equals the height of the 
first trench, (or the height of the upper pardon of the pillar silicon island). The result is that the gate 
electrode has the same vertical position as the bit line contact In order to avoid short-circuiting of 
the word line and bit line contact, the size of the pillar silicon island must be much larger dian 1 
minimum lithographic square. The new cell in the present invention not only can clirainate the 
registration tolerances of the contact hole but also can achieve a relatively high yield since it is 
permissible that die worst-case misregistration distance for all the masks equals - 50% of minimum 
feature. The buried gate structure is another reason that it is desirable to achieve an extremely small 
cell size of a minimum of 4 lithographic squares. From different positions, figs, 113-115 give 
different cross section views along die lines 113, 114 and 115 respectively of the same structure in 
Rg. 112. Figs. 116-1111 show that the proposed cells have high unmunity against misregistration 
for all the mask levels. Figs. 116-1111 show die same structure along die different lines. AU 
varieties of the new cells or devices in die present invention have this advantage. 

In order to reduce the parasitic capacitance of the word lines 9 and die cell plate 6, the relative 
diick dielectric (SiOi) 8 is formed between the word lines 9 and die cell plate 6 (Fig, IK), The 
dielecnic (Si02) 8 is formed with die gate oxide 8, simultaneously using the medxod of 
concentration-enhanced oxidation. This will not increase the complexity of diie process. This 
oxidation process will grow a relatively duck layer of oxide on the surface of the highly n-doped 
polysilicon cell plate 6 and a thinner layer of oxide on a lighdy doped silicon surface. It is well 
known that the higher the dopant concentration and the lower the temperature are, the result of 
concentration-enhanced oxidation is more obvious. The ratio of the thickness of the dielectric on 
the cell plate 6 and die thickness of die gate oxide can be well controlled by the dopant 
concentration and temperature. 

Embodiment 1 (Figs. lA-lK) has die following major advantages over conventional device 
structures and fabrication processes. 



- 26 - 



^mW- 1 0-7 9 4 8 2 



1) An uloa dense dynamic random access memory (DRAM) array with a minimum of 4 
lithographic squares ceil size can be achieved by the new cell structure and fabricadon process, so 
the cell is named 4-F (featuxe size) eeU. 

2) The metal 29 is not only a patterning polysilicon 9 mask but also a part of woid line (or 
interconnect between the gate elecnndes) to reduce the lesistanoe of wofd line. 

3) The 4-F cell can increase the soft error resistance against alpha particles to prevent the flow 
of leakage current among the cells. It is well known that soft error resistance is increased by 
reducing die diagonal length of die depletion region in the memory cclL This suggests that higher 
density cell structure leads to higher soft error resistance. Second, the collection efficiency and the 
generation of electron-hole pairs induced by alpha particles are dependent on the impurity 
concentration and its profile, thus the high doped substrate 1 and storage node 2 Increase the soft 
error resistance. 

4) It is well known that actual storage capacitance depends on trench sidewall doping 
concentrations in a conventional trench cell. A higher doping concentration provides a larger 
ca p acittnce, dius the high doped storage node 2 provides a larger storage capacitance than available 
in the conventional cell Secondarily, the high doped storage node 2 reduces source/drain parasitic 
resistance. 

5) In order to reduce the DRAM cell area, a vertical access device has been used in a trench- 
transistor cell and a surrounding gate transistor cell. However, a vertical access transistor suffers 
firom non-unifonnity and low perfcxmance. For example, die channel length of SGT (devel<^>ed by 
IC Sunouchi et al.) is determined by die height of die first trench. However, uniformity of die 
channel length is difficult to conUDl because of the non-uniform nature of the plasma etch process. 
Second, the threshold voltage adjustment is achieved only by the well impurity concentration. 
However, the channel length and dueshold voltage of BOT are determined by ion-implantation. 
The implantatioi process provides high rq)roductivity and unifomuty. The advantages of using ion 
...implantation are precise control over impurity dose, depth, profile and area uniformity, thus the 
BGT has better device uniformity. It is compatible to the planar transistor technology that threshold 
ccKttrol of BGT can be achieved by ion-implantation. 

6) Since die chaiinel length of BGT is deteraiined by ion implantation, the problem of limitation 
in the channel length imposed by lidiography is overcome, thus sub-half micro MOSFETs can be 
fabricated using conventional optical liUiographical techniques to achieve high speed and high 
current drivability. If the BGT uses conventional vertical sandwich structures (for example, vertical 
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IGFETs. VMOS. UMOS .ad SGI), it suffers &om poor itliabiHty a«d shon channel effects 
including the geooetiy effects, punch-tbough phenomenon and tm^ff behavior due to large S/D 
juacuon depth. Because the source, chanael (or body) and drain regions are in an overlapping 
relaDonship «, one another, the source^hannel and drained juncdons are the whole size of a 
pUlarsiUconislaiuLkordertt) reduce S/D junction depth for verticdFET.a^ 
doped source or drain extension region 55 arc fonned in the proposed device. Tbt said itfion 
surrounds the inner periphcty of a pillar silicon island. Second, any conventional vertical transistor 
suffers firom large source^Jhannel (or body) and drain-channel (or body) pamsidc p-n junction 
capacitances, which are inherent to vertical sandwiched structures. However, the existence of a 
v«y hghUy pHloped body region 18 in BGT reduces the total S/D pantsitic p-n junction 
capacitances to improve the device speed because the dopant concentration of the body region 18 is 
much lower than that of the body region 3. 

7) The BGT can use the rnost advanced planar tramistor arucnires. such as fiiUy overtax 
LDD (FOLD) MOSFETs. source-tOKlrain non-uniformly doped channel (NUDQ MOSFETs and 
. double Ughtly doped drain (DLDD) MOSFETs (Figs. 116 and 5E1). A number of planar F^LD 
MOSFETs have been fabricated and characterized. It has been proven diat the FOLD device 
improves device performance and reliability compared with conventional LDD and single drain 
dev«:e. Altiiough the FOLD device increases the gate-sourcc/dnin overlap capacitance, the increase 
Of the current drive drough S/D resistance reduction is important in dense circuits, where wiring 
capacitance is slgnincant ITierefore. BGT with the FOLD structure is suitable for hid. 
performance, high reliabifity sub-half micron device appHcation. 

In conclusion, the BGT has less short channel effect, higher reliability and repioducibiUty. and 
better device uniformity than any other vertical transistor, the BGT has higher performance (or 
higher current drivability) and higher density than any advanced planar tr^sistor because the BGT 
has a larger effective channel width even in a small occupied area. Secondly, die problem of 
hmitanon in the diannel length imposed by Uthogiaphy is overcome. So the BCT is superior to any 
other transistor in the world. TTie 4-F ccD have smaBer cell $i«, higher soft error resistance, higher 
storage capacitance, higher immunity against misregistration and higher yield tiian any 
conventional cell 

x.oltl^*^'" ^"'''"'^ ""^""^ body-float, which are similar to SOI 

MOSFETs. Some people think that floating-body SOI MOSFETs suffer from parasitic bipolar 
junction transistor-induced breakdown and latch phenomena, which resnh in large power- 
consumption in SOI-CMOS. However, since power supply voltages are constantly being .educed 
with down-scaling of device. body-Hoat device will not consume much power because parasitic 
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bipolar junction transistor effect will not exist if operation voltage is below 3.3 volts. The 
breakdown voltage of SOI MOSFETs is usuaUy above 6 volts, so Ais breakdown voltage is high 
enough for device operation. lUrd, the latch phenomena^ which occurs at high dxain biases (-^5 
volts), is an extxeme case of floaiing-body effects. However, it is generally conceded that device 
operation voltage must be below 3 volts for 256 Mbit integrated circuits, so the floadng-body 
effects cannot influence the body-float devices. 

Any similar structuie feature, process and advantage will not be described again or will be only 
ligbdy mentioned in the following sessions. 

« 

Embodiment 2: 

Figs. 2A-2D are plane and section views illustrating the steps in a process for producing 
floating-body fiee memory cells. The process consists of the following stq}s: 

(1) The very lightly dcfped layer 1 8 is first formed by the in-situ doping epitaxy method on a 
heavily p-dopcd silicon substrate 1. ThercaftCT the dickctric (Si3N4 or SiOi) 27 is deposited on Ae 
layer 1 8 and then patterned as trench etching mask. The relative deep trenches are engraved into the 
heavily p-doped silicon substrate 1 by anisotropic trench etching. Slightly oblique rotating ion- 
implantation is used to implant n-type dopants into silicon pillar islands to form the shallow regions 
19 ^g. 2A). .The concentraticm of the iinplanted n-type dopants is higher than the cmccntradon of 
p-type dopants in the region 18, but lower than the concentration of p-type dopant in the substrate 
1. 

(2) After the trench etching, all the exposed silicon surfaces are cleaned and the dielectrics 7 for 
storage capacitors are formed Thereafter, the n-type polysilicon or amorphous silicon 6 is filled in 
the trenches to form the plate of the capacitors. Then the gate insulator 8 is formed and the 
polysilicon 9 is patterned to fbim flie gate electrodes and word lines (Hgs. 2B, 2C, 2CA, 2CB and 
2CC). 

(3) The dielectric 27 is selectively removed (TTiis step is not necessary.), followed by three ion 
implants. The ion implants form the p-doped channel (or body) regions 3. the lighdy n-doped 
source (or drain) regions 4 and the heavily n-doped source (or drain) regions (or ohmic contact 
regions) 5. The channel (or body) dopant conccniiation is well controlled by the first ion implant 
The concentration of p-dopant in the first ion implant is higher than the concentration of n-type 
dopant in the region 19. The channel length is exacdy determined by the first two ion implants 
(Hg. 2D). If the doping profile of the first ion implant is used intelligently, the channel length can 
be determined by the first ion implant (Fig. 3) alone. Fig. 3 shows a prefened channel doping 
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(4) All the exposed silicon suifeccs are cleaned after the trench etching is accomplished, and 
afterwards the dielectrics 7 for storage capacitors arc formed, Thwcaftcr, the n-type doped 
polysilicon or amorphous silicon 6 fills the trenches in order that the plate of die capacitore will 
form. The Si3N4 17 is deposited by plasma-enhanced CVD (PECVD) and etched back, using 
CH2F2 or CH3F 85 an etchant gas in a familiar way (Fig. 5D). The silicon region 22 and Si02 
sidewall spacers 21 arc hardly etched because CH2F2 or CH3F can achieve a high Si3N4 : Si and 
Si3N4 : Si02 etch rate ratio of about 20 : 1. Tlie Si3N4 17 can reduce the parasitic capacitance 
between the word line 9 and the cell plate 6. 



(5) The Si02 spacers 21 arc selectively removed by wet etching, and afterwards all the exposed 
silicon surfaces arc cleaned Thereafter the gate insulator 8 is formed and the polysilicon 9 is 
patterned to form the gate electrodes and word lines, followed by multiple ion implants. The 
inulriplc ion implants form source-io-drain non-uniformly p-type doped channel (or body) regions 
.31, 32 and 33, the lighfly n-doped source (or drain) region 4 and the heavily n-doped source (or 
drain) region 5. The nonuniform regions 31, 32 and 33 may be formed by the fint three ion 
implants or noay be formed by only one implant, using the doping profile of implantation. Fig. 5E 
shows a sourcc-to-drain non-uniformly doped channel (NUDC5 structure of the BGT. It is proven 
that the mobility of the >rUDC MOSFET is increased as compared with that of the conventional 
channel MOSFET, and also, the Vth lowering of the NUDC MOSFET is suppressed as compared 
with that of the conventional channel MOSFET. For the vertical NUDC BGT, the non-unifonn 
impurity profile in the channel region can be 5n-sini doped or easily and precisely controlled by 
conventional implantation . In general, non-uniforml doping in the channel adds a new freedom in 
device design. If the dopant concentrations of the regions 32 and 33 are lower than that of the 
region 31 , the structure shown in Fig. 5E is a double-lighdy doped drain MOSFET. It is found that 
the DLDD MOSFET is one of the most prtraising device stmctures for sub-half mdcron MOSFETs 
which can operate at 5 volts of supply voltages. This structure has an impurity profile of 
P-P-'N-^N-*- along the surface of the silicon pUlar island. Ii is clear that the DLDD MOSFET has 
excellent characteristics, such as high drain sustaining voltage, less short channel effect, high 
current drivability and hi|h reliability. After the multiple ion iiQ)lants, the dielectric 1 1 is deposited . 
by CVD and planarized, and finally, the bit lines 12 arc formed. The multiple ion implants may, of 
course, be used before the SiOi spacers 21 are selectively removed, before die gate electrodes are 
formed, or after the dielectric 1 1 is planarized. Fig, 5E1 shows that the cells shown in Hg. 5E 
have high immunity against misregistration. Fig. 5E2 gives a different section view along the line 
5E2 of die same structure shown in Fig. 5E1. 

The new device structures and medjods of fabrication not only can form an ultra dense dynamic 
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random access memory (DRAM) anay with a mtnimiim of 4 lithographic squares ocU size, but also 
can achieve much higher density Ipgic circuits than any oilier conventional logic circuits. 

Embodiments: 

Figs, 6A-6K are plane and section views, illustratii]|g the steps in a process for integradng logic 
circuits with xDsxnory arrays. Although there arc a plurality logic circuit types, all the logic circuits 
have a similar method of fabrication. The fiill adder is chosen as an example of logic circuits since 
it is the fundamental unit of the arithmetic operations and it forms important components in a 
plurality of systems. The process consists of the following steps: 

(1) A very lighdy p-type doped layer 206 is first formed by the in-situ doping epitaxy method 
on a heavily p-doped silicon substrate 1. Afterwards, a oxide layer 220 is formed on the layer 206 
by thermal oxidation or CVD. Thereafter, photoresist 200 is deposited and patterned as the first 
mask^ followed by ion implantation. N-typc dopants (e.g., P*, As"*" or Sb^) are implanted to form 
heavily n-doped regions 201 . A oxide fSm 202 is selectively deposited, using LPD (liquid phase 
oxide deposition) technology without stripping the photoresist 200 (Fig. 6A). The selective 
deposition occurs at room temperature and only at the oxide surface (cited from [EDM 91, p. 
6^7.). The photc^esist is stripped after the oxide deposition, then triple implants are performed. 
The first implant with high ion energy is used for formation of the heavily n-typc doped region 

203, the second implant widi medium ion energy for formation of the lighdy n-type doped region 

204, and the thiid implant with low energy for formation of the heavily p-type doped region 205 
(Fig. 6B). Recently, Mitsubishi Electric (Corporation reported tiiat a heavily doped buried layer 
could be formed without increasing leakage current if sclf-gcttering or proximity gettering of Uie 
secondary defeats induced by high energy ion implantation was utilized. Seccmd, since the ion 
implants which form the regions 20i* 203, 204 and 205 do not go through the channel re^on of 
devices, the crystalline quality of these layers is less important In this process, the regions 201, 
203, 204 Bnd 205 are formed with only one mask. Said regions may, of course, be formed with 
two masks, but this creates the registration tolerances that reduce the device density. The LPD 
oxide film 202 does not need to be very thick. Even if the implanted ions with high energy go 
through the LPD oxide fdm 202, they are placed into the regions 201 rather dian the regions 206. 

(2) Undoped silicon layer 152 is epitaxied on die regions 201 and 205, and afterwards, Si^^U 
27 is deposited on the layer 152. The Si3N4 and undoped silicon layer 152 are patterned witii the 
second mask. After the patterning, thin Si02 layer 21 Is grown on the silicon surface by thermal 
oxidaticm. The SiC32 sidewall spacers 21 are foraoed by selective^ anisotropic etching (Hg. 6Q« 

p) The different deep trenches are engraved into the regions 201, 204, 205 and 206 by plasma 
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etching with the third masL The fonnation of the different deqp trenches with only one ms^i^ k and 
one time etching is due to the use of the doping eflfea of etching. If die trenches arc fonncd by CI 
atom plasma etching using such as 02, Cl2+Ar. CCU+Ar. CF3CI, SiCl4+02. CF3Br+Cl2 or 
C2F64-a2 as an etchant gas, the etching rate of die heavily n-doped region 201 is 15-23 times 
larger than diat of the undopcd cr lighdy doped re^ns 204 and 706, while the heavily p-typc 
dopants in the region 205 suppress silicon etch rates by as much as a factor of slighdy less than 
two. The doping efifea in F atom plasmas is less than that in O atom plasmas (Manos and Flamm, 
•Tlasma etching an iniioducdon\ pp. 148-149). so it is preferred that die diffcrt^nt deep trenches 
be formed by Q atom plasma etching to save a mask level After the trench etching, all the exposed 
silicon surfaces are cleaned, and a very diin Si02 film is grown on the silicon surfecc. This thin 
SiC)2 film is good for reducing the leakage current, as a means to improve the device isolation. 
After .d>c thin SiC>2 film is grown, diick Si02 207 is deposited by PECVD and then planwized and 
etched back by selectively anisotropic etching to fill die trenches OFig. The heavily n-doped 
buried layer 203 and the heavily p«doped substrate 1 are used to reduce alpha-particle-induced soft 
errors, The combination of the different deep trenches, the heavily n-doped buried layer 203 and 
heavily p^doped substrate 1, improves device isolation and complete^ eliminates latchup in 
CMOS. The reason why CMOS has latchup effect is that the base-emitter junctions fcff parasitic 
NPN and PNP bipolar transistors in CMOS are sufficicndy forward-biased (Vbe = 0.7 volts) to 
provide significant leakage current The fact that OJ volts forward bias is produced in the 
.conventional device structures is due to die relatively large resistances associated widi the well and 
die subsorate. In the new device structure, the heavily n-dt^ped buried layer 203 and heavily p- 
dopcd substrate 1 are base regions of parasitic PNP and NPN bipolar U^sistors, respectively, 
dius 0.7 volts forward bias can not exist. Second, the heavily n-doped buried layer 203 and 
heavily p^iqped substrate I can grcatiy reduce die connnon-emitter current gains for bodi PNP and 
NPN bipolar transistors. Therefore, latchup in CMOS shouU be completely eliminated in die novel 
device structure. 

(4) The Si3N4 27 and SiOz sidewall spacers 21 arc selectively removed N-type and p-type 
dopants are implanted respectively using different ion energies and doses widi die fourth mask to 
form NMOS relative low p-doped body regions 32» relative higji p-doped body region 3, lighdy n- 
doped source or drain regions 4 and heavily n-doped source or drain regions 5. A slighdy oblique 
rotating implantation is used to implant n-typc dopants to form low threshold voltage channel 
region 97 and shallow source/drain extension regions 55. After the channel, body, source and 
drain regions of NMOS are formed, PMOS relative low n-doped body regions 33, relative high p- 
dopcd body region 48. lighdy p-doped source or drain regions 50, heavily n-dq)ed source or drain 
regions 51, buried-channel region 49 and shallow source/drain extension regions 57 are formed by 
a similar method widi die fifth mask. Since the direction of ion-implantation is almost parallel to the 
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chaimcl direction, thinner buried p-dopcd layer 49 can be formed to improve subthreshold 
charactcrisrics of buricd-channel PMOS. More shallow source/drain extension i^ons 57 can be 
also fonned at the sanse dnie to reduce short channel effects and increase punch-through resistance. 
In die novel device structure, the regm 3 detenaines the punch-dirough resistance of NMOS, the 
regions 32 reduce source/body and draWbody paiasidc capacitance of NMOS and the region 97 
determines drcshold voltage of NMOS; the region 48 determines die punch-through resistance of 
PMOS, the regions 33 reduce sourcc^body and dnun/body parasitic capacitance of PMOS and the 
region 49 detcmdnes threshold voltage of PMOS, The threshold voltage of the vertical MOSFETs 
is dctenained not only by ion implantation dosage and energy but also by ion implaniarion angle. 
After the ion inq)iantation process, all the exposed silicon surfaces are cleaned. Low thermal 
budget gate insulator 8 is formed to minimize redistribution of impurities. The implanted impurities 
are activated by the thermal cyde during growth of the gate insulator. There are several noethods to 
form low diermal budget gate insulator 8. 

(a) An approximately 5 to 10-nm-thicfc gate oxide 8 is formed with HQ oxidation between 700 
- 800 ^ after die preoxidadon cleaning. Introduction of a low percentage dosage (1 to 9% by 
volume) of HQ to the oxygen during oxidation improves die fihn quality, acts as a gettering agent 
for sodium in die oxide, and improves a variety of otiier device parameters. Incorporation <rf HCl 
during oxidation does increase die oxidation rate by i5)proximatcly 30 percent, and thereby reduces 
the oxidation time and redistribution of impurities during oxidation. 

(b) Further reduction of die redistribution of impurities is possible when oxidation is carried 
out under high pressure (greater dian 1 aim) because the growtii rate increases in direct proportion 
to the pressure. This can be put to use in growing gate oxide at low tempciatures. and over the 
short term, can prevent significant redistribution of impurities. For example, we consider the use 
of high-pressure, low-tenapcrature steam oxidation of silicon. At 10 atm pressure and 750 a 30 
nm thick oxide can grow in 30 minutes. The time, temperature, and pressure applied are all 
variables for determining die duckness. Such a technique has been applied to die growth of a dun 
gate oxide in die process of fabricating MOS dynamic RAMs. Results of 15 nm tiiict high- 
pressure dry oxides grown at 800 *>C and 25 atm showed a breakdown field of 13.6 MV/cm, 
which was about 10% higher dian the 1 atm control group. A growdi rate of 1 nm /min was 
obtained for die same temperature and pressure. Boron impurities diffuse only 3.9 nm at 800 <<: in 
15 minutes. Therefore, said process of low temperature gate insulator formation does not change 
the dopant profile. TWs process can achieve excellent device characteristics. 

(c) Hie gate oxide 8 is also grown on die rapid thermal oxidation systems in a few seconds. 
Impurities do not have enough time to dififtisc. 
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(d) A thermal/CVD stacked gate insulator may be used. The thermal/CVD stacked gale 
insulaior, in comparison with conventional thermal gate oxide, dranudcally reduces die process- 
induced device degradation responsible fbr threshold voltage scatter as well as maintaining tow 
defect density and interface state density. 

After the gate insulator 8 is formed, the heavily n-doped polysilicon silicon 9 is deposited and 
patterned with the sixth mask to form the gate electrodes and word lines. Fig. 6E shows a plane 
and sectiffii view of a full adder layout before intercainects between devices are formed. Rg. 6E1 
shows a comparison between a planar view of the layout and the full adder circuit Fig. 6E2 
includes aplanar view of a DRAM array and a sectfon view along the line 6E2. In oidcr for readers 
to sufficiently understand the new structure. Fig. 6E3 gives a different section view along the line 
6E3 of tiie same structure shown in Fig. 6E2. 

The above proposed PMOS is a buried-channel device with a n-doped polysilicon gate 
electrode. Both surface channel NMOS and PMOS with dual-polysUicori gates (n-doped and p- 
doped gates) can be fabricated by die following process. The undoped polysilicon film 9 is first 
deposited and patterned, followed by ion implantation. The heavily n-dopcd poIysiUcon gaos and 
heavily n-doped source/drain regions 5 are formed by ta simultaneous ion implant; the heavily p- 
doped polysilicon gates and heavily p-doped source/drain regions 51 ar« formed by anodier 
simultaneous ion implant 

(5) After the gate electrodes and word lines arc fonned, dielectric (Si02) 11 is deposited by 
PECVD and planarized. The dielectric 1 1 is etched to a proper depth by selectively anisomjpic 
plasma etching with die scvcndi mask. The silicon regions 5 and 51 are not etched or just slighdy 
etched. Thereafter, pdysilicon (single crystal silicon or polycide) 208 is deposited and etched back 
to remove excess polysilicon 208 on the upper surface of die dielectric 1 1 to form the first level 
interconnects (Fig. 6F). Fig. 6F1 gives a different section view along the line 6F1 of the same 
Structure shown in Fig. 6F. In order for observers to see the polysilicon gate dectrodes, word 
lines and other conductive lines, important for understanding the circuit layouts, die dielectric 1 1 is 
not shown in the planar views of Hgs. 6F and 6F1. 

(6) Dielectric (SiO:) 212 is deposited by PECVD on die polysilicon 208 and planarized, 
followed by the formation of different deep contact holes. "Die different deep contact holes aic 
formed by selectively anisotropic etching, using CF4+H2. HP. HBr or CHF3 as an etchant gas 
with the eighth mask. For example, CHF3 gas gives an etch rate ratio of Si02 to Si of about 10. 
Therefore, die selectively etching guarantees diat only Si02 (die dielectrics 1 1, 207 and 212) is 
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etched and that the polysilicon 208 and single crystal sUicoa regions 5. 51, 201 and 205 are not 
etched, or only slightly etched The selective etching achieves at least duee different deep contact 
holes: contact holes to the polysilicon 208, contact holes to the single ciystal silicon regions 201 
and 205, and contact holes to die polysilicon gales or word lines (Figs. 6G. 6G1 and 502). This 
step saves two mask levels for the fabrication of the new device structure. Thereafter, the 
polyslUcon, polycide or metal 209 (e.g., W, Al or Al aUoy) is filled into contact holes. Then the 
second level interconnects 210 (made from polysilicon. polycide or metal) are formed with the 
nindi masL Fig. 6G shows the second level interconnects of a full adder circuit Rgs 6G1 and 
6G2 give plane and section views of DRAM array along the different lines 6GI and 6G2 at this 
stage in the fabrication process. In order for observers to see the polysilicon gate electrodes, word 
lines, bit lines and polysilicon 208 arul other conductive lines, the dielectrics 1 1 and 212 arc not 
shown in the plane views of Fxg, 6G, 6GI and 6G2. Any dielectric (unconductive material) layer 
which is above the dielectric 207 is shown in the planar display of the structures. It is not 
mentioned again hi the following sections. 

(7) The third level contact holes 230 and Interconnects 214 (made fixm polysilicon, polycide or 
metal) are formed respectively with the tenth and eleventh masks (Fig. 6H). A full adder has been 
fabricated at this point in die fabrication process. Fig. 6H1 includes a planar view of DRAM array 
and a section view along line 6H1 at this point in the fabrication process. 

(8) Thereafter, the dielectrics (SiOs) 212. 213 and 215 on die polysilicon 208 in the area of 
DRAM array arc completely removed by selective etching with the twelfth mask 216. The dielectric 
(Si02) 11 may also be partially etched to a proper depdi. Due to the selective etching, the 
polysilicon 208 is not etched, or only sUghdy ctchcd(Fig. 61). 

(9) Afier the dielectrics 212, 213 and 215 arc removed, a vciy thick n-dqpcd polysilicon 21 8 is 
deposited all over the wafer, planarized and then etched back. A global diickness uniformity of 
10% over the wafer is necessary. Si3N4 216 is deposited and patterned with the Uiirteenth mask 
aftCTwards, After this, Si3N4 217 is deposited and etched anisotropically to sidewall spacers (Fig. 
6J). The distance between two sidewall spacers 217 is much smaller than a minimum lithographic 
line widdi. Rg. 6J1 gives a planar view at this stage in the fabrication process. 

(10) The polysilicons 218 and 208 are selectively etched using the Si3N4 216 and 217 as a 
mask. Due to the selective etching, the etching stops at dielectric 11. After the etching, the 
dielccttics (Si3N4) 216 and 217 are selectively removed. The dielecnics (SiOa) 215, 213, 212 and 
11 arc not etched, due to selective etching. Dielectrics 224 for capacitors are formed. The 
oxide/nitride/oxide is preferred here as die capacitor dielectric because of its excellent reliability. 
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Thaeafier» for fonnadoa of the capacitor plate the n-type or p-type doped anxsphous siliocm 221, 
to fill the very nanow spacings between storage n o d e s, is deposited and planarized. Amotphbus 
silicon is recrystalized to regular polysilicon by the annealing which follows. Amorphous silicon 
(or polysilicon) 221 is panemed with die fourteenth mask. Thereafter, dielectric (Si02) 222 is 
deposited by PECVD. The Grst level global metal interconnect contact holes and interconnects 260 
are formed with the fifteenth and sixteenth maslcs (Fig. 6K). The second level global metal 
interconnect contact holes and interconnects axe formed with the seventeenth and eighteenth masks. 
This step, however, is not diagrammed The top two level global metal interconnects may» of 
course, be replaced by the second level interconnects 210 and the third level interconnects 214. The 
conoplexity of the endre fabricadon process is thereby reduced to fourteen mask levels, and thus 
there are also no interconnects above the cell plate of the storage capacitors. The storage capacitors 
may be sufficiently large to satisfy the requirements of different level DRAMs through changing 
the heights of the polysilicon 208 and dielectrics 212, 213 and 215. The most important 
characterisdcs of the new DRAM cell are that the bit lines are betow all the transistors (including 
access transistors and logic transistors) and that the storage capacitors are above all the transistors. 
The resuldng new cell is named buried bit line (BBL) cell. The most serious problem of die trench 
cell is trench-to*trench punch through leakage current; however, the cell leakage current is 
dramadcally reduced because die dielectrics (or insulators) con^letely surround die storage nodes 
of the BBL cells. The size of the BBL cell can be smaller than that of the tiench cell and the storage 
capzdtcr of the BBL cell can be larger than that of the trench cell because required trench-to-trench 
spacing in the trench.cells is as large as 0.6 iixn; on the other hand, required spacing between the 
storage nodes in the BBL cells can be smaller than 0.1 jim. 6 Reduction of the dopant 
concentration of the region 206 can greatly reduce the parasitic p-n junction capacitance between 
the bit line 201 and theregioi 206. 

Figs. 7A-7H10 give an improved structure and process based on the stmcture and process in 
Fig. 6A-6K. It is illustrated in Figs. 7A-7H10 diat memory circuits (SRAM and DRAM arrays) are 
integrated with CMOS logic circuits (a full adder, CMOS flip-flop, CMOS NAND and CMOS 
inverter chain) on a single chip. Invcncr, NAND. NOR and transmission gate are the most basic 
elements in building logic circuits. The NOR structure is not diagrammed, since it is very similar to 
the NAND structure. The transmission gate is illustrated in die CMOS flip-flop. BoUi a full adder 
and a flip-flop are important logic circuits. The fabrication process of the circuits shown in Hgs. 
7A-7H10 may sufficiently illustrate the fabrication process of all Idnds of circuits. The process 
consists of the following steps: 

(1) A very lighdy p-type doped layer 206 is first fwmed by the in-situ doping epitaxy method 
on a heavily p-doped silicon substrate 1 (Fig. 7A). 
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(2) Four legions 201, 203. 204 and 20S m fonned by triple ion instants with only one mask. 
Choosing the pioper height of the first niask 22 1 oiake the dopants with Ugh k>n energy in die fiisc 
implant go through the mask 22 1 to fomi die heavily n^doped regions 20 1 . In the exposed silicon 
areas, the dopants for the Sm implam go through a certain d^ 

doped region 203, thus the regions 201 and 203 are formed simultaneously by the fizst implant 
The purpose of the second implant with medium Ion energy is formation of tfie lightly n-typc 
doped region 204. and the purpose of the thiid implant with low energy is fcwtnation of the heavdly 
p-type doped region 205 (Fig, 7B). The dopants with low and medium ion energies cannot go 
through the mask 221. 

(3) Undpped silicon layer 152 is epitaxied on the regions 20 1 and 203 and thereafter Si3N4 27 
is deposited on die layer 152. The Si3N4 and undoped silicon layer 152 are patterned with the 
second mask. After the patterning, Thin SiOi layer 21 is grown on the silicon surface by thermal 
oxidation, after the patterning. The Si02 sidewall spacers 21 are formed by selectively anisotropic 
etching. The different deep trenches are engraved with the third mask using the doping cflFect of 
etching. After die trench etching, all the exposed silicon surfaces arc cleaned, and a very thin Si02 
film is grown on ihe silicon surface. Thick Si02 207 is deposited by PECVD and then planarized 
and etched back by selectively anisotropic etching to fill the trcnches^The Si3N4 27 and Si02 
sidewall spacers 21 are selectively removed. N-type and p-type dopants are implanted respectively 
using different ion energies and doses widi the fourth mask to form NMOS relative low p-dopcd 
body regions 32, relative high p-doped body region 3. lighdy n-dopcd source or drain regions 4 
and heavily n-dopcd source or drain regions 5. A slighdy obUque rotating implantation is used for 
implanting n-type dopants, so that form low threshold voltage channel region 97 and shallow 
source/drain extension regions 55 will form. After die channel, body, source and drain regions of 
NMOS are formed, PMOS relative low n-^ped body regions 33, relative high p-doped body 
region 48, lighdy p-doped source or drain regions 50, heavily n-dopcd source or drain regksns 51, 
buried'<:hannel region 49 and shallow source/drain extension regions 57 are formed, using a 
similar aiediod with the fifth mask. After the ion implantation process, all die exposed silicon 
surfaces are cleaned Low Uiermal budget gate insulator 8 is formed to minimize ledisuibution of 
impurities- The implanted impurities are activated by any thermal cycle after the implants. After the 
gate insulator 8 is formed, the heavily n-doped polysilicon silicon 9 is deposited and patterned with 
die sixth mask to fonn the gate electrodes and word lines. Hg. 7C shows a plane and section view 
of a SRAM anay layout before interconnects between devices are formed. Fig. 7C1 shows a 
comparison between a plane view of die layout of die SRAM array and a SRAM ceU circuiL Fig. 
7C2 includes a plane view of a full adder and a section view along the line 7C2. Rg. 7C3 includes 
a plane view of a DRAM array and a section view along die line 7C3. Fig. 7C4 includes a plane 
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view of a CMOS flip-flpp layout, a jcctioQ view along tbe line 7C4 and the CMOS flip-flop circmt 
In orda that readers can sufficienfly understand the new structure. Fig. 7CS gives a different 
section view along the line 7C5 of the same strucnne shown in Fig. 7C4. Fig. 7C6 includes a 
plane view of a CMOS NAND layout, a section view along the line 706 and the CMOS NAND 
ciicuit Fig. 7C7 gives a different scctirai view along the line 707 of the same structute shown in 
Fig. 7C6. The size of PMOS is larger than diat of NMOS in Fig. 7C6 and 7C7. 
((Wp/Lp)/(Wn/Lk)) of PMOS to NMOS is two. This ensures that PMOS has the same cunent 
drivability as NMOS. Rg. 7C8 shows a CMOS NAND layout with a minimum PMOS size. 

(4) After die gate electiodes and word lines are formed, Si3N4 film 80 is deposited and etched 
selectively and anisotiopicaUy to form sidewall spacers 80 by familiar means. Fonaation die 
sidewall spacen 80 is an very important process step for achieving high density circuits and 
reducing the complexity of thefabrication process. This is a nugor improvement based on die 
structure and process shown in Fig. 6A-6K. Thereafter. SiOj 1 1 is deposited by PECVD and 
planaiizcd. followed by & selectively anisotropic plasma etching. The selective etching guarantees 
that only Si02 (the dielectrics 1 1 and 207) is etched and that silicon (the regions 5, 9, 51, 201 and 
205) and die Si3N4 80 are not etched, or only slightiy etched. The selective etching with die 
seveadi mask fonns five dififerent deep contact holes 61 (Figs. 7D-7DI0). The five different deep 
contact holes includes die top and adewall contacts of die source or drain regions 5 and 51 of 
NMOS and PMOS. die top and sidewall contacts of die gate electrodes or word lines 9, and die top 
and sidewall contacts of die source or drain regions 201 and 205 of NMOS and PMOS. This 
selective etching saves four mask levels, -niereafter, polysilicon (single crystal silicon, polydde or 
refractory metal) 61 is deposited and etched back to remove excess polysiUcon 61 on die upper 
surface of die dielectric 11. The polysUicon 61 is used not only as contact material, but also as 
interconnects. TTiereafler. polysilicon (single crystal siHcon. polycidc or refractory metal) 62 is 
deposited, and Si3N4 63 is deposited on die polysilicon 62. The polysilicon 62 and Si3N4 63 are 
patterned simultaneously widi die eigbdi mask id form die first level interconnects. SL3N4 fihn 64 
is deposited and etched anisotropically to form sidewall spacers 64 by familiar ineans(Figs. 7D. 
7D1). Figs. 7D. 7D10 show die SRAM, fuU adder, DRAM, ffip-flop, inverter chain and NAND 
layouts, at diis stage in the fabrication process, respectively. 

(5) Si02 66 is deposited by PECVT5 and planarized, followed by a selectively anisotropic 
plasma etching. The selective etching guanmtees diat only Si02 (die dielectrics 1 1. 66 and 207) is 
etched and silicoa (die regions 5, 9. 51, 201 and 205) and Si3N4 (the dielectrics 63, 64 and 80) are 
not etched or only sHghdy etched. The selective etching widi die mndi mask forms six different 
deep conuict holes 67 (Figs. 7E-7E1 1). The six different deep contact holes includes the contacts 
of the polysilicon 61 (Figs. 7E4-7E11), die top and sidewall contacts of die source or drain legions 



- 38 - 



0-7 9 4 8 2 



5 and 51 of NMOS andPMOS (Figs, 7E1 and 7E3-7E5), the top and sidewaD contacts of the gale 
electrodes or word lines 9 (Rgs, 7E-7E2), die top and sidewall contacts of die source or drain 
regions 201 and 205 of NMOS and PMOS (Hg. 7E3). This selective etching saves five mask 
levels. Thereafta, polysilicon (single crystal silicon, pdycide or refractory naetal) 67 is deposited 
and etched bade to remove excess polysilicon 67 on die upper surface of the dielectric 66. The 
Si3N4 63 and 64 protect the polysilicon 62 and 61 during die selective etching of SiOi, so tfiat 
polysilicon 67, 62 and 61 will not short-circuit Figs, 7E and 7EI reveal that two cioss-cdupled 
inverters are fonned in a very small area. The diickness of die sidewall spacers 64, for die key to 
achieving an ultra dense SRAM array, can only determine the spacing between the first level 
interconnects 62 and die second level contaa material 67. Thereafter, polysilicon (single crystal 
silicon, polydde or reftactoiy metal) 73 is deposited and patterned widi the tendi mi^sV to fonn die 
second level interconnects. Figs. 7E- 7EI1 show die SRAM, full adder, DRAM, flip-flop and 
NAND layouts respectively at dus stage in die fabricadwi process, Hg. 7E6» 7E8, 7E9 and 7E1 1 
show various layouts of NAND. 

(6) Si02 76 is deposited by PECVD and planarizcd, followed by a selectively anisotropic 
plasnaa etching. The selective etching guarantees that only Si02 (the dielectrics 76, 66 and 1 1) is 
etched and polysilicon, polycide or metal (the regions 73, 67 and 61) and Si3N4 (die dielectrics 64 
and 63) are, at most, only slighdy etched. The selective etching widi die elevendi mask forms four 
different doep contact holes 74 (Fig. 7F). The four different deep contact holes includes die top and 
sidewall contacts of die polysilicon 61, 67 and 73. This selective etching saves dirce mask levels. 
Thereafter, polysilicon (single crystal silicon, polycide or refractory metal) 74 is deposited and 
etched back to remove excess polysilicon 74 on die upper surface of die dielectric 76, diereaftcr 
polysilicon (single crystal silicon, polycide or refractory metal) 75 is deposited. Thereafter, 
dielectric (SiOi or Si3N4) 216 is dcposiicd on die polysilicon 73 and patterned with die twelfdi 
mask, and diereafter, dielectric (SiC>2 or Si3N4) 217 is deposited and etched anisotropically to Ac 
sidewall spacers (Fig. 7F). The distance between two sidewall spacers 217 is much smaller dian a 
minimum lidiographic line widdi. Fig, 7F1 gives a planar view of diis stage in die fabrication 
process. 

(7) The polysilicons 75, 74, 73, 67, and 61 are selectively etched using die dielectrics (SiOz or 
Si3N4) 216 and 217 as a mask. The dielectrics 80, 76, 66 and 11 arc not etched, due to die 
selective etching. After die etching, die dielectrics 216 and 217 arc selectively removed. Dielectrics 
224 for capacitors are formed. The oxide/nitride/oxide is preferred here as die capacitor dielectric 
because of its excellent reliability. The n-type or p-type doped amorphous sUicon 221, for 
formation of die capacitor plate, is deposited and planarized to fill into die very narrow spadngs 
between storage nodes. Amoiphous silicon is rccrystalized to regular polysilicon by die annealing 
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(Fig. 7G) which follows. 

(8) The amorphous silicon (or pdysilicon) 221 and polysOicon 75 are patterned at the saaie 
time with the diiiieenth mask, saving a mask level Hie polysilicon 221 is used as the cdl plate in 
Ac area of DRAM anay. Tbc combinadon of the polysilicons 221 and 75 is used as die Ihiid level 
interconnects in the area of logic circuits. The polysilicons 75, 74, 73, 67 and 61 art used as 
multiple level interconnects in the area of logic circuits, while they sk used as the storage node in 
die area of DRAM array. This is die most important improvement based on the strucnire and 
process shown in Fig. 6A-6K. A very Hack polysilicon 218 shown in Fig. 6J does not need to be 
deposited and planaiized Therefore, it is not necessary for the thick polysilicon 218 to be 
planarized to a global diickness onifotmity of 10% over die wafer, nwreafier, didectric (SiC)2) 222 
is deposited by PECVD. The fint level global metal interconnect contact holes 223 and 
interconnects 260 are formed with the fourteenth and fifteendi masks (Rg. 7H). The second level 
global metal interconnect contact holes and interconnects are formed wiUi the sixteenth and 
seventeenth masks. This step, however, is not diagrammed. The storage capacitors may be 
sufficiently large to sadsfy die requirements of different level DRAMs through changing the 
heights of die polysilkons 61, 67, 73, 74 and 75. Fig. 7H1 gives a planar view of die smallest 
SRAM cell layout in die world widi a minimum of 40 lidiographic squares cell size. Figs. 7H2- 
7H3 give dififatat sccdon views along die lines 7H2 and 7H3 respectively of die same strucnire 
shown in Fig, 7H1. Figs. 7H4-7H10 include plane and section views of die fuU adder, flip-flop 
and NAND structures lespecdvely. 

Embodiment 3 (Figs. 6A-7H10) has die following mjoor advantages over conventional device 
structures and fabricadcMi processes. 

1) Ultra dense DRAM arrays with a minimum of 4 lithographic squares cell size, the highest 
density fiUI single crystal silicon 6-T SRAM arrays widi a minimum of 40 lidiographic squares ceU 
size, and extremely Ugh density tope circuits are integrated on die same diip. The new device widi 
a channel widdi to Icngdi ratio (W/L) larger dian 4 can be built in die smallest area widun all die 
devices, therefore, diis device is suitable for bodi high density and high speed integrated circuits. 

2) Since die bit lines are below the. transistors, the storage nodes may be built on die 
transistors. This eliminates trench-to-ffench punch dirough die leakage current because die 
insulators con^letely surround the storage nodes. 

3) Since die spacing between two neighboring storage nodes is much smaller dian a minimum 
lidiographic line widdi. die storage nodes occupy nearly all the area of a DRAM array. Tlus 
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makes the size of trench capacitors achieve a mnxtmiini limit at a given trench height (or depth)« 
Large capacitor and small leakage cunent lead to high soft-<nor resistance. 

4) The storage nodes of DRAMs are made up of muldple level interconnects, reducing surface 
irregulariQr, and the ccH3q)lexity of the fabricdon pnx^s. 

5) Since selective etching, the doping effect of die etching, the sidewall spacers (Si3N4) 80t dtt 
protective layers (Si3N4) 63 and 64 of die polysilicon 62 arc used and die polysilicons 75 and 221 
are patterned simultaneously, 14 mask levels are saved, and can be used for vertical-transistor 
integrated circuits. This improvement reduces coiqilcxity of the fabricadon process of the vertical 
devices, and solves die wiring problem diat makes it difficult to form interconnects, between 
vertical transistors. The new process shown in Fig. 7A-7H10 is also more simple than die 
advanced planar device processes. For example, high denaty planar transistor SRAM, quadruple 
or quintuple-level polysilicon, requires double-level metal and 23 mask levels. However, any 
metals from single to muld-level metals and 17 mask levels aie used in die new process. 

6) The major point to be clarified in e?q)lainiiig this embodiment is that access transistors of 
DRAM, driving, load and access transistors of SRAM, periphery CMOS transistors and CMOS 
togic transistors are vertical transistors and can be integrated on a single chip with the same gate 
and channel lengdis. However, only specific vertical transistors can do this integratic»i because a 
plu^ty of devices, especially the conventional devices, cannot satisfy all the requirements of 
different kinds of devices at the same time. For example, access uansistors of DRAM need low 
leakage current. Devices which have suffered from short-channel effect cannot be access 
transistors. Access transistors need a relaxed channel length. On the other hand, periphery 
transistors and logic transistors need a shore channel length to achieve high speed and high driving 
ability. No conventional vertical MOSFET can provide a solution. Second, no conventional 
vertical MOSFET structures, such as VMOS, UMOS and vertical IGFET, can form high 
performance buricd^diannel PMOS in CMOS circuits, because their doping profiles, vertical to die 
channel length, arc unif(»m The channel region has the same doping concentration as the body 
region in any conventional vertical MOSFET. leading to high direshold vdltage in die channel 
region and low punch through resistance, unacceptable for device operation* Any conventional 
vertical sandwiched MOSFET suffers from short-channel effect due to large source/drain junction 
depth combined with down-scaling of device, since shallow and lighdy doped source/drain 
extension regions do not exist in any conventional vertical MOSFET. In addition, conventional 
vertical MOSFET suffers from non-uniformity. Finally, it is very important that die wiring 
problem of vertical transiston could not be solved before the present invention, characterized by 
the new fabrication processes of interconnects. The above discussion includes major reasons why 
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vertical MOSFETs aic not widdy used in irodcm integrated dxcuits. New verticai txansistors in the 
present invention solve all the drawbacks of conventional vertical transistors. They are si^jcrior to 
any planar transistor and any other vertical transistor in the world* They are the most promising 
candidates for future ultra-dense integrated circmts. 

A new DRAM strucnxre and process based on the stnictne and process in Fig.7A-7H10 is 
shown in Fig. 8A-8J, revealing a fiirtho* increase in the storage capacity size of DRAM 

(1) After polysilicon (polycide or refiactory metal) 75 is deposited (Hg. 7F), Si02 film 251 is 
deposited on the polysilicon 71 Polysilioon (polycide or refraooiy) 232 is deposited on &e Si02 
fihn 25 L Thereafter, the Si02 2S1 and polysilicon 2S2 are layered as such repeatedly (Hg. 8A). 
Dielectric (SiQz) 250 is deposited and patterned, and dielectric (SisNd) 253 is deposited and etdied 
anisotropically to form sidewaU spacers (Fig. 8B). Fig. SB 1 gives planar views of the smicture 
shown in Fig. 8B. The SiOi 251, polysilicon 252 and 75 are etched anisotropically using the 
dielectric 250 (SiOz) and sidewall spacers (Si3N4) 253 as a mask. In order to protect the pans of 
the polysilicon 252 under the dielectric 250 (Si02) that should oot be etched, the thickness of the 
dielectric 250 (SiOj) is larger than the total thickness multiple-level dielectric films 251 (SiC)2). 
However, this is not shown in the diagrams. Then amorphous silicon 254 is deposited and etched 
back by a selecdve etching to fill the nairow trenches (Fig.SQ. The amorphous silicon 254 can be 
recrystalized to regular polysilicon by any heat cycle after dq>osidon. 

(2) The remaining dielectric 250 (SiOj) is removed by selectively wet etching (Fig. 8D), For 
example, hydrofluoric acid (HF) attacks SiCh but leaves SI and Si3N4 unaffected at room 
tcnopcraturc After die dielectric 250 is removed, dielectric (Si3N4) 235 Is deposited and etched 
anisotropically to form sidewall spacers (Fig. 8E). Fig. 8E1 gives planar views of the structure 
shown in Fig. 8E, 

(3) The SiOi 251 and polysilicon 252 are etched anisotropically using the sidewall spacers 
(Si3N4) 253 and 255 as a masL The etching does not go through the polysilicon 75. Tht sidewaU 
spacers (Si3N4) 253 and 255 oiay also be partly etched. The Si02 251 is ren[K)ved by selectively 
wet etching (Hg, 8F). Thereafter the polysilicon 75, 74, 73, 67 and 61 arc etched selectively and 
anisotropically. The dielectrics (SisNa and Si02) 80, 76. 66 and 1 1 are not etched (Fig. 8G). This 
procesi order is very important, so that the Si02 251 and polysilicon 252 may be etched first, and 
thereafter the SiOi 251 removed and the polysilicon 75, 74, 73, 67 and 61 finally etched; this 
process order ensures that the SiOa 76, 66 and 1 1 are not removed when the SiOi 251 is removed 
by wet etching. 
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(4) After the polysilicon 75, 74, 73, 67 and 61 arc etched, the remaining parts of dielectrics 
(Si3N4) 253 and 255 are selectively removed by slight plasma etching. The dielectrics (Si02) 76, 
66 and 11 ait not etched due to the selective etching; the dielectric (Si3N4) 80 is not completely 
removed for two reasons. One is that the etching rate is higher near the top of the high-aspcct-rado 
trench than near the bottom due to the reduced transport of rcactants to die bottom cf the trench as 
well as the reduced transport of the products away fiom the bottom of the trendL Second, die 
dielectrics (Si}N4) 253 and 255 can be completely removed by only slight plasma etching since 
most parts of dielectrics (SisN^) 253 and 255 have been etched during the trench etching. 
Thereafter, dielectrics 224 for capacitors arc formed The oxidcMitridc/oxidc is preferred here as 
the capacitor dielectric because of its excellent reliability. Thereafter, tiie n-type or p-type doped 
amorphous silicon 221 is deposited and planarized to fill into the very narrow spacings between 
storage nodes, in order to form tlie capacitor plate. Amorphous silicon is lecxystalized to regular 
polysilicon by the annealing (Fig, 8H) which follows. 

(5) The amorphous silicon (or polysilicon) 221 and polysilicon 75, 252 and 254 are patterned 
at the same time with a mask. This saves a mask level. The polysilicon 221 is used as die cell plate 
in the area of DRAM array. The combination of the polysilicon 254, 252, 221 and 75 is used as the 
third level interconnects in the area of logic circuits. The polysilicon 254, 221, 75, 74, 73, 67 and 
6 1 are used as muldple level interconnects in the area of logic circuits, while they are used as the 
storage node in the area of DRAM array. Thereafter, dielectric (SiO}) 222 is deposited by PECVD 
(Fig. 81). Hnally, the global metal interconnects 260 and contact holes 223 are formed (Fig. 8J). 

Since the multiple layers 252 are interconnected by the polysilicon 254 in a sublithographic 
contaa hole and DHAM cells (or storage nodes) are separated by sublithographic feanires, the new 
cell shown in Fig, 8A-8J is named die SIC cell (Sublithographic Interconnects and isolation Cell), 
The SIC cell possesses a larger surface area of its storage electrode than docs cither the trench 
capacitor cell or stacked capacitor cell, and also a smaller cell leakage current and a higher soft- 
error resistance than the trench capacitor celL 

A new DRAM structure and process is proposed in Fig. 8K-8N, which reveals how we can 
increase storage capacitor size of die type of DRAM shown in Fig. 7A-7H10. 

(1) After polysilicon (polycide or refractory metal) 75 is deposited (Fig. 7F). dielectric (Si02) 
216 is deposited and patterned. Thereafter, dielectric (Si3N4) 217 is deposited and etched 
arusotropically to form sidcwall spacers. Dielectrics 216 and 217 must be different materials. The 
polysilicon 75 are etched anisotropically using die dielectric 216 (Si02) and sidewall spacers 
(Si3N4) 217 as a mask (Fig. SK). 
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(2) After the potysilicon 75 are eiched, the dielectric (SHDa) 216 in tlw areas of DRAM arrays is 
selectivdy and locaUy removed with the tfaiiteen masks (Hg. 8L). The dielectric (Si3N4) 217 and 
polydlicon 75 are not etched while selectively etching the dielectric (SiOz) 216. Hg. 8L1 gives 
planar views of the structure shown in Fig. 8L. 

(3) The polysilicon 75, 74, 73, 67 and 61 are etched anisotropically and selectivdy using the 
remaining dielectric 216 (SiOi) and sidewall spacers (Si3N4) 217 as a mask (Fig. 8M). Due to the 
two-step etching process, different deep trenches are formed. TTie deeper trenches are used to 
isolate the different storage nodes; the more shaUow trenches are used to increase die area of the 
storage node. If the two-step etching process is not used, the trench etching may reach die lightly 
doped source/drain region 4 and the body regions 3 and 32 through die heavily n-doped 
sourec/drain region 5. After die trench etching, die dielectrics 216 and 217 are selectively removed. 
and.Uicreaftcr, die dielectrics 224 for capadtors are formed. Tlie oxide/ratride/ojdde is preferred 
here as die capadtor dielecttic because of its excellent reliability. Thereafter, die n-type or p-type 
doped amorphous siUcon 221 is deposited and planarized to fill into die very narrow spacings 
between storage nodes, in order to form die c^acitor plate. Amorphous silicon is lecrystaKzed to 
regular polysilicon by the annealing (Fig. 8M) which follows. 

(4) The amorphous siHcon (or polysUicon) 221 and polysilicon 75 arc patterned at the same 
time wifli die fourteendi mask. This saves a mask levd. The polysilicon 221 U used as die ceU 
plate in die area of DRAM anay. The combinarion of die polysilicon 22 1 and 75 is used as die diiid 
levd interconnects in die area of togic circuits. The polysiKcon 75, 74, 73, 67 and 61 are used as 
multiple levd interconnects in die area of logic drcuits, while diey are used as die storage node in 
die area of DRAM array. TTiereafter, didectric (SiOj) 222 is deposited by PECVD. TTie global 
metal interconnect contact holes 223 and interconnects 260 are formed widi the fifteendi and 
sixteenth masks (Hg. 8N). 

Figs. 9A-9C give a modified structure and process based on die structure and process in Hg. 
7A-7H10. It is iflustrated in fig. 9A-9C diat nench capacitor DRAM array are integrated widi logic 
circuits. The process consists of die following steps: 

(1) A heavily n-type doped layer 273 and a very lighdy n-typc doped layer 270 are fint formed 
rcspectlvdy by die in-situ doping epitaxy mediod on a heavUy p-doped silicon substrate 1 (Fig. 
9A). Thereafter, die regions 201, 205. 271, 272 and 274 are formed by ion-implantation (Fig. 
9B). 
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(2) Undopcd silicon layer 152 is cpitaxied on the negicms 201, 205 and 272., and afterwards, 
Si3N4 27 is dqx>sitcd on the layer 152. The Si3N4 and undopcd silicon layer 152 are patterned 
with the second mask. After the patterning, thin Si02 layer 21 is grown on the silicon suifece by 
thermal axidatioo, TTic Si02 ddewall spacers 21 are fonned by selectively anisotropic etching (Rg, 
6C). Three different deep trenches are engraved into the.regioas I, 201, 205, 270, 271, 272, 273 
and 274 by plasma etching. The formation of the three diflfcrcni deep trenches with only one iwAcir 
and one etching is due to the the doping effect of the etching. If the trenches aie fonned by Q max 
plasma etching, using one among such gases as 02, a2+Ar, CCL4+Ar, CF3CI, SiCl44"02. 
CF3Br+a2 or C2F6+CI2 as an etchant gas, the etching rate of the heavily n-doped regions 201, 
272 and 273 is 15-25 dmcs larger than that of the very lighdy doped regions 270. Since p-type 
dopants suppress silicon etch rates, the etching rate of the regions 1, 205, 271 and 274 is lower 
than that of the veiy lighdy doped regions 270. This process saves two mask levels. After the 
trench etching, all the exposed silicon surfaces are cleaned, and dielectrics for capacitors are 
fonned on the trench surfaces. Thereafter, polysilicon or amorphous silicon 6 is deposited and 
planaiized over die wafer. The silicon 6 is selectively etched back to a ptx^ dcp± to fill the trench 
to form the cell plate of the storage capacitor. Thereafter, thick Si02 17 is deposited by PECVD 
and then planarized and etched back to a proper depth by selectively anisotrc^ic etching to fill the 
trenches (Fig. 9C). 

Since the following process steps are very similar to those shown in Fig. 7A-7H10, they are 
mendoned and diagrarxmied again. 

Embodiment 4: 

Figs. lOA-lOOl arc plane and section views illustrating the steps in a process for producing 2- 
F DRAM cells. The process consists of the following seeps: 

(1) A heavily n-type doped layer 2 is first formed by the in-sini doping epitaxy method on a 
heavily pooped silicon substrate 1. Undoped silicon 152 is epitaxied on the heavily n-typc doped 
layer 2. Dielectric (Si3N4 or Si02) 27 is dqposited on die undoped silicon 152, The dielectric 27, 
undoped silicon 152, heavily n-type doped layer 2 and part of substrate 1 are patterned with a 
checkered layout of mask 150 (Hg. lOA). The spacing between die comers of silicon pillars is 
narrower than the design rule. The narrow spacing can be well controlled by exposure time in a 
lithography process (Fig. lOB). 

(2) After the trench etching, all the exposed silicon surfaces are cleaned; dielectrics for 
capacitors are formed on the trench surfaces. Thereafter, heavily n-doped polysilicon or 
amorphous silicon 6 is deposited and planarized over the wafer. The silicon 6 is selectively etched 
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back to a proper depth to fill the trench to form the cell plate of the storage capacitor. Thereafter, a 
relative thick Si02 8 is foirocd m the surface of the heavily nHkq)ed poIystU 
tbifl Si02 8 is formed on the surface of the undoped silicon 152 at the same dme by using the 
method of conccntradon-oihanced oxidation. The relative thin Si02 8 is used as a gate insulator. 
PolysUicon or amorphous silicon fihn 9 is deposited over the wafer and patterned with the second 
mask 170 (Fig. IOC). Thereafter, dielectric (SiQz) 10 is deposited and etched back (Fig, lOD), 
The polysilicon 9 is etched anisotrppically to form gate electrodes and word lines and the dielectric 
10 may also be partially etched. This needs to choose the selective etching rate ratio between the 
polysilicon and dielectric. The didcctric 10 must protect ibo bottom pordm of the polydlioon 9 not 
to be etched (Hg. 1(]E}. The shape of die combination of gate electrodes and word lines is the most 
inqxntant in the embodiment. 

(3) After the gate electrodes and word lines are formed, lighdy nHiq>ed source/drain regions 4, 
the p-doped channel or body region 3 and heavily n-doped source/drain region 5 are fonned by ioa 
in:q)lantation. The source/drain and channel regions may» of course, be formed before the g^ t f 
electrodes and word lines are fonoed. The shallow source/drain extension regions, low threshold 
channel region and hig^ punch-through resistance body region are not diagrammed. Thereafter, the 
dielectric (Si02) 1 1 is deposited and etched back to a proper depth, and afterwards, a self-aligned 
sUicide (TiSi2> 162 is formed on the heavily n-doped source/drain region 5. Thereafter, the metal 
(polysilicon or polycide) 12 is deposited over the wafer, Silicidc (TiSii) 163 is formed on die metal 
12 (This step is not necessary). Thereafter, dielectric 154 is deposited and patterned. The line 
width of the dielectric 1 54 is a little smaller than the minimum feamre size on the macV This is well 
controlled by the eiq>osure time during the lithography process. Thereafter, dielectric 155 is 
deposited and etched anisotropically to form side wall spacers (Fig. lOF). The dielectrics 154 and 
155 must be difEerent materials. Fig. lOFl gives another section view along the different line lOFl 
of the same structure shown in Hg. IQF. 

(4) After the sidewall spacers are formed, the dielectric 154 is selectively removed by wet 
etching. The silicidc 163 and metal 12 is patterned by using die sidewall spacers 155 as a mask. It 
is preferred that selective etching is used when the metal 12 is patterned because the silicide 162 
and silicon 5 are not etched or arc only slighdy etched. Fig. lOGl gives another section view along 
the different line 1(X31 of the same structure shown in Fig. lOG. 

Figs. lOH-lOK give anotiier method to form tiie bit lines of the 2-F cells. The process consists 
of the following steps: 

(1) After a self-aHgned silicide (TiSia) 162 is formed, metal (alloy, polysilicon or polycide) 12, 
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silicidc 163 and dielectric 170 azc deposited over the wafer and patterned to form the first bit lines. 
It is prefcxml thai sclectiye etching is used when the metal 12 is patterned (Fig. lOH). 

(2) Dielectric 171 is deposited and etched anisotxiqncaUy to fonnsidewaUsi^^ 

is preferred diat the dielectrics 170 and 171 aie different marrrials because the sidewall yaccrs noay 
be bwer than the (fielectiic 170 when selective etching is used (Hg. lOJ). 

(3) Finally, metal (alloy, polysilicon or polycide) 172 is deposited and etched back to lemove 
excess metal 172 on the upper surface of the dielectric 170 to farm the second bit lines (Hg. lOK). 

The novel layout of gate electrodes and word lines 9 is a key to achieve the 2-F cell. The gate 
electrode 9 surrounds a half of the silicon pillar island and the gate electrodes axe sdf-aligned 
connected together to fonn the word lines (Bg. lOE). It is better to understand the novel layout that 
readers carefully see the structures shown in the diagrams. The 2-F cell is the second smallest 
DRAM cell in the world It is used for 1 Gbit DRAM production with 03 |im design rule, thus it 
can pave the way to the giga-bit DRAM era. However, any planar access transistcu' cell will not be 
SDoaller than 6 minimum lithographic squares (or 6 feature sizes) because the source, channel (or 
gate) and drain regions must occupy at least 3 feature sizes when misregistration is considered For 
the vertical transistor, the source, chaxmel (or body) and drain regions are overlapped aad they 
occupy only one feature size. If the wiring problems (including the layouts of word lines, bit lines 
and interconnects) are solved, verdcal transistors are absolutely superior to planar uransistors. 
Device development towards tliree dimensions is a positive trend 

Embodiment S: 

Rgs. 11A*1 111 arc plane and section views illustrating the steps in a process for producing 1-F 
DRAM cells. The process consists of the following steps: 

(1) A heavily n-type doped layer 2 is first formed by the in-situ doping epitaxy method on a 
heavily p-doped silicon substrate 1. Undpped silicon 1S2 is epitaxied on the heavily n-type doped 
layer 2. Dielectric (${3^4) 27 is deposited on the undoped silicon 152. The dielectric 27 and 
undoped silicon 152 are patterned with a checkered layout of mask 150 (Fig. 1 lA). The spacing 
between the comen of silicon pillars is narrower than die design rule. The narrow spacing can be 
well controlled by exposure dn>e in the lithography process. After the patterning, Si02 layer 21 is 
grown on the silicon surface by thermal oxidaiioa. The perimeter of the silicon pillar islands is 
reduced. Then the Si02 sidewall spacers 21 are formed by selectively anisoax)pic etching using 
CF4-f H2. CCI2F2* CtFg, HF or CHF3 as an etchant gas in a familiar way. The trench etching 
mask Si3N4 27 is not etched, or only slightly etched. The Si02 sidewall spacers 21 not only 
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protect die cbannd region of devices from the second relative deep trench etching, but also make it 
so th£t the area of the horiMntal cross section of the upper portion of the silicon pillar island be 
snaallcr than a minunum lithographic square. The second idarivc deep trenches are engraved into 
die heavily p-doped substrate 1 (Hg. UB). After the trench etching, aU the exposed silicon 
surfaces are cleaned. Thereafter, the dielectrics 7 for storage capacitors are fonned Thereafter, the 
heavily n-type doped polysilicoa or amorphous silicon 6 is filled in the trenches to form the 
capacitor plates. The Si3N4 27 and SiOj sidewall spacers 21 arc selectively removed by wet 
etching, after which all the exposed silicon surfaces are cleaned The gate insulator 8 is formed and 
the heavily n-dopcd polysilicon 9 is deposited and etched anisotropically to form polysilicon 
sidewall gate. electrodes (Rg. llC). The polysilicon sidewaU gate electrodes are lower dian the 
silicon region 152. It is due to die use of the doping effect of etching. If Qa, a2+Ar, CCU-i-Ar, 
CFjCl, SiCU+02. CF3Br+Cl2 or C2F6+CI2 is used as an eicbant gas, the etching rate of the 
heavily n-doped polysilicon 9 is 15-25 times higher than that of die undopcd siUcon i^on 152, so 
using the doping effect of etchmg is a key to fonning the huried gate transistor in this onbodiment 

(2) The SidewaU gate clcctxodes have been fonned, but how can the sidewall gate electrodes be 
smartly connected tpgedier to fom word lines? This is a very important problem for the formadon 
of die 1-FcclL 

A relatively thin dielecttic (Si3N4) film 156 is formed on all the exposed silicon surface, 
Thereafter a relative tiiick dielectric (SiOi) is deposited and etched selecdvely and anisotropically to 
foma SidewaU spacers. It is preferred diat die dielectrics 156 and 157 are different materials because 
this ensures that selective etching may be used; Uiereafter, the heavily n-doped polysilicon 6 is 
etched by using the undoped silicon 152 and dielectrics 156 and 157 as a ma^y CI2, a2+Ar, 
CCU+Ar, CF3CI, SiCl4+02. CFsBr+Cb or CiPe^h must be used as an etchant gas to etch die 
heavily n-doped polysilicon 6, This ensures tiiat die undoped siUcon 152 is not etched, or only 
slighdy etched (Fig. IID). 

(3) After the heavily n-doped polysilicon 6 is etched, aU die exposed silicon surfaces arc 
cleaned. Thereafter, die dielectrics 199 for storage capacitors are formed, and die heavily n-type 
doped polysilicon or amoiphous silicon 14 is deposited and etched back to a proper depdi to fill the 
trenches. A relative duck Si02 167 is formed on the heavily n-type doped polysilicon 14 and a 
relative thin SiC>2 167 is formed on die undoped siUcon region 152 by using the method of 
concentration-enhanced oxidation. The dielectric 167 may, of course, be Si3N4. Thereafter, 
heavily n-type doped polysilicon or amoiphous silicon 159 is deposited and planarizcd Thereafter, 
dielectric (Si02) 154 is deposited and patlcmei Dielectric (Si3N4) 155 is deposited and etched 
anisotropicaUy to form sidewall spacers (Fig. 1 IE). 
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(4) The dielectrics 154 and 156 must be differcat matmals to eosuit that the dielectric 154 may 
be selectively removed by wet etching. After the dielectric 154 is removed, dielectric (Si3N4) 158 
is deposited dnd etched anisotropically to form sidewall spacers. The heavily n*type doped 
polysilicon 1S9 is etched by using the dielectrics IS5 and 158 as a mask and using 02, Q2+Ar, 
Ca4+Ar, CF^a SiCU-Kh, CF3Br-fCl2 or C2F6+CI2 as an cichant gas. Using sidewall spacers 
155 and 158 as a mask is an important method of sublithographic patterning. Even if the thin 
dielectric (SiQz or Si3N4) 167 on the undpped silicon 152 is removed by the above etching, the 
undoped silicon 152 is at ax)st, only slightly etched since the doping effect of plasma etching is 
used The above etching does not affect die didectiic (Si3N4) 155, 156 and 158 and dielectric 
(Si02) 157 because CI atom plasma gives a high selective etching ratio for Si : Si3N4 or Si02. 
Therefore, the dielectric (SiOii 157 protects the sidcwaB polysilicon gate electrode, and thus the 
sidewall polysilicon gate electrode protects the gate oxide. Thereaftff, the dielectric (Si02) 157 is 
etched selectively and anisotropically. The selective etching ensures that the undoped silicon 152, 
heavily n-doped polysilicon 9 and 159 and the dielectrics (Si3N4) 155, 156 and 158 are at most, 
only slightly etchedTbe purpose of the two-step etching of polysilicon 159 and dielectric 157 is to 
ensure that the heavily n-doped polysilicon gate electrodes 9 and undoped silicon region 152 are 
only slightly etched. Figs. IIF and llFl show a plane view and two section views along the 
different lines 1 IF and 1 IFl at the stage in the fabrication prxess. The purpose of the deposition 
of the heavily n-type doped polysilicon 159 is to form a flat surface to form the sidewall spacers 
155 and 158. In addidon, the heavily n-type dq3ed polysilicon 159 can be sdecdvely etched cxi the 
undoped silicon 152, dielectrics (Si3N4) 155. 156 and 158 and dielectric (SiOi) 157. It is better for 
understanding the fabrication st^ that readers carefully observe Figs. 1 IE, 1 IF and 1 IFl. 

(5) The dielectric (Si3N4) 156 is selectively removed. Even if the dielectrics 156 and 167 are 
the same materials, it does not matter because the polysilicon 159 protects the dielectric 167. The 
heavily n-type doped polysilicon 159 is deposited again and selectively etched back to a proper 
depth by using the doping effect of plasnoa etching. Hgs. 1 IG and 1 IGl show a plane view and 
two section views along die different lines 1 10 and 1101 at tiiis stage in the fabrication process. 
-At one point in the fabrication process, the sidewall gate electnxles 9 can be connected togeti^er by 
the heavily n-dopcd polysilicon 159 to fonn die word lines. 

(6) Dielectric (Si02 or Si3N4) 160 is deposited and anisotropically etched to form sidewall 
spacers. Thereafter, the heavily n-doped polysilicon 159 is etched by using the undoped silicon 
region 152 and sidewall spacers 160 as a mask and using the doping effect of plasma etching.- 
Thereafter, the dielectric (Si02) 167 is selectively etched The SiO: 198 is formed on the surface of 
the polysilicon 159 and 14 by thennal oxidation. The Si02 198 on the surface of the polysilicon 14 



- 49 - 



(173) #l¥lO-7 9 4 8 2 

is etctwd by anisotropic etching. The SiQ2 198 od ihc suz&ce of the polysilicon 159 teoiains since 
the eichmg is anisotiopic (Fig. IIH). If the dielectric 167 is Si3N4. the SiOz 198 is first formed on 
the surface of the polysilicon 159. then the dielectric 167 is selectively etched by wet Mefaing. The 
selective wet etching does not attack the Si02 IPg. Kg. 1 IHl gives another secdon view along the 
line 1 IHl of the same ^ructme shown in Fig. 1 IR 

(7) Amorphous 161 silicon is deposited over the wafer and planarized to fill narrow spadngs 
between die SiOi 198, foUowed by multiple ion inylants. The multiple ion in^jlants fom U^y n- 
doped source/drain regions 4, sourcc-to-drain nonnniformly p-typc doped channel (or body) 
regi(ms 31, 32 and 33, and heavily a-4oped source/drain regions 5. An annealing activates the 
implanted impurities andrecrystallizes amorphous silicon to regular polysilicon. The multiple ion 
implants form Ac souice/drain and diannd regions of sin^ crystal MOSFETs and simultaneously 
form source/drain and channel regions of poIysilic(Xi MOSFETs located between die Si02 198. 
The nanowness of die channel (or body) region of die polysilioon MOSFETs is the reason dat tins 
device is called a nail transistor (NT). Due to very narrow channel region (anallcr dian 0.01 jun^) 
and relative long channel length, die leakage current of die NT is dramatically reduced and die gate 
voltage control ability is improved. Thereafter, siJkide 162 is formed on die polysilicon 161. The 
tiiermal cycle of forming silicide may serve die purpose of activating impurities and leoystallizing 
amorphous silicon. Metal 12 is deposited, fcdlowed by depositing anodier kind of metal (or 
polydde, nitride, polysilicon, alloy) 163. Metals 163 and 12 and silicide 162 are patterned by die 
mediod of subKdiographic patterning (Fig. III). Fig, I III gives anodier section view along die 
line 1 111 of die same structure shown in Fig. 1 U. 

Hg. 12 illusaates diat it is not unponant that die polysilicon 6 is over etched. 

Fig. 13 shows a modified structure based on die structure in Rg. 12. The difference is diat die 
dielectric 199 on die substrate 1 is removed by anisotropic etching and die dielectric 199 on die 
surface of die polysilicon 6 remains. 

Due to Uic dramatic reduction of device size, all die single crystal MOSFETs may be replaced 
by die polysilicon nail transistors (NTs) because the nail transistors have very low leakage 
currents. The NT can be used to form mujtiple-level device structures (Rg. 14), Polycrystalline 
diamond fdm 165 are formed between two levels devices by plasma enhanced chemical vapor 
deposition (PECVD). PolyciystaUine diamond film has high tiiennai conductivity and electrical 
resistance. Therefore, polycrystalline diamond film is used as insulating material between devices 
to overcome die power limit of fiiture ultra-large integrated cireuits. llie very diin dielectric 164 is 
used as a buffer layer to reduce diffusion between different materials and. improve isolation 
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between diffcrcnt-lcvcl devices. (This step is not necessary). In general, the development of 
integrated cizcuits will be unlimited. 

Hgs. 15A-1SB1 illusoate that a 2-F DRAM array can be fabricated by using the structure and 
process of 1-F cell shown in Figs. IIA-IIIL The difference is that the polysilicon 6 is not etched 
and nail transistors arc not formed. Comparing Fig, 15B and 15B1 with Figs. IIG and llGl, the 
2-F cell smicnire and process noay be easily understood* The major advantage of 2-F cell is the 
relatively simple fabrication process. The formation of bit lines of the 2-F cell do not need the 
Doethod of sublithographic patterning. Fig. 15C gives a structure of floating-body fim 2-F cell. 

Hnally, it should be appreciated that various modificadons may be made without departing 
from the spirit and scope of the invention. In particular, the various temperatures* dimensions, 
doping concentradons, ion-inq)lantation doses and energies, etcbants, device types, material types» 
and geometric shapes of devices mentioned arc merely illustrative. Silicon, Si02 or Si3N4 may be 
replaced by other semiconducting and insulating materials. Doped polysilicon and single crystal 
silicon, polycide or metal may be replaced by other material which has a small resistivity, for 
example, refractory metal, low melting point metal (Al or Al alloy), silicides, nitrides, carbides, 
borides, doped poly-crystal materials, doped single^stal materials, and superconducting 
materials. 
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4 Brief Description of Drawings 
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Fig. IGl is plane and section views illustrating 

a first embodiment of the present invention. 
Fig. lG2'is plane and section views illustrating, 

a first embodiment of the present invention. 

Fig. 1G3 is plane and section views illustrating 

a first embodiment of the present invention. 

Fig. 1G4 is plane and section views illustrating 

a first embodiment of the present invention. 
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a first embodiment of the present invention. 
Fig. 112 is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. 113 is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. 114 is plane and section views illustrating 
a first embodiment of the present inv'ention. 
Fig. 115 is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. 116 is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. 117 is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. lis is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. 119 is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. 1110 is plane and section views illustratin 

g a first embodiment of the present invention. 
Fig. 1111 is plane and section views illustratin 

g a first embodiment of the present invention. 
Fig. IJA is plane and section views illustrating 
a first embodiment of the present Invention. 
Fig. IJB is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. IJC is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. IJD is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. IJE is plane and section views illustrating 
a first embodiment of the present invention. 
Fig. IK is plane and section views illustrating 

a first embodiment of the present invention. 
Fig. 2A is plane and section views illustrating 

a second embodiment of the present invention, 
Fig. 2B is plane and section views illustrating 

a second embodiment of the present invention. 
Fig. 2C is plane and section views illustrating 



- 53 - 



(177) ^m^l 0-7 9 4 8 2 

a second embodiment of the present invention. 

Fig. 2CA is plane and section views illustrating 

a second embodiment of the present invention. 

Fig. 2CB is plane and section views illustrating 

a second embodiment of the present invention. 

Fig. 2CC is plane and section views illustrating 

a second embodiment of the present invention. 

Fig. 2D is plane and section views illustrating 
a second embodiment of the present invention. 

Fig, 3 is section views illustrating a second em 
bodiment of the present invention. 

Fig. 4A is section views illustrating a second e 
mbodiment of the present invention. 

Fig. 4B is section view illustrating a second em 
bodiment of the present invention. 

Fig. 5A is plane and section views illustrating 
a second embodiment of the present invention. 

Fig, 5B is plane and section views illustrating 
a second embodiment of the present invention. 

Fig. 5C is plane and section views illustrating 
a second embodiment of the present invention. 

Fig. 5D, is plane and section views illustrating 
a second embodiment of the present invention. 

Fig. 5E is plane and section views illustrating 
a second embodiment of the present Invention. 

Fig. 5E1 is plane and section views illustrating 

a second embodiment of the present invention. 

Fig. 5E2 is plane and section views illustrating 

a second embodiment of the present invention. 

Fig. 5E3 is section view illustrating a second e 
mbodiment of the present invention. 

Fig. 5E4 Is section view illustrating a second e 
mbodiment of the present invention. 

Fig. 5E5 is section view illustrating a second e 
mbodiment of the present invention. 

Fig. 5E6 is section view illustrating a second e 
mbodiment of the present invention. 

Fig. 5E7 is section view illustrating a second e 
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mbodiment of the present invention. 

Fig. 5E8 is section view illustrating a second e 
mbodiment of the present invention. 

Fig. 5E9 is section view illustrating a second e 
mbodiment of the present invention. 

Fig. 6A is section view illustrating a third emb 
odiment of the present invention. 

Fig, 6B is section view illustrating a third emb 
odiment of the present invention. 

Fig. 6C ia plane and section views illustrating 
a third embodiment of the present invention. 

Fig, 6D i.s plane and section views illustrating 
a third embodiment of the present invention. 

Fig. 6E is plane and section views illustrating 
a third embodiment of the present invention. 

Fig, 6E1 is plane view and circuit diagram illus 
trating a third embodiment of the present invent 
i 0 n. 

Fig. 6E2 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig;6E3 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig, 6F is plane and section views illustrating 
a third embodiment of the present invention. 
Fig.6Fl is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 6G is plane and section views Illustrating 
a third embodiment of the present invention. 
Fig. 6G1 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 6G2 is plane and section views illustrating 
a third embodiment of the present Invention. 
Fig, 6H is plane and section views illustrating 

third embodiment of the present invention. 
Fig. 6H1 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 61 is section view illustrating a third emb 
odiment of the present invention. 
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Fig, 6J IB section view illustrating a third emb 
odiment of the present invention. 

Fig. 6J1 is plane view illustrating a third embo 
diment of the present invention. 

Fig. 6K is section view illustrating a third emb 
odiment of the present invention. 

Fig. 7A is plane view illustrating a third embod 
iment of the present invention. 

Fig. 7B is section view illustrating a third emb 
odiment of the present invention. 

Fig. 7C is plane and section views illustrating 
a third embodiment of the present invention. 

Fig. 7C1 is plane view and circuit diagram illus 
trating a third embodiment of the present invent 
ion. 
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Fig. 7D3 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7D4 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7D5 is plane and section views illustrating 
athird embodiment of the present invention. 
Fig. 7D6 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7D7 is section view and circuit diagram ill 

ustrating a third embodiment of the present inve 

n t i o n ". 

Fig. 7D8 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7D9 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7D10 is plane and section views illustratin 

g a third embodiment of the present invention. 
Fig. 7E is plane and section views illustrating 

a third embodiment of the present invention. 
Fig. 7E1 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7E2 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7E3 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7E4 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig, 7E5 is plane and aection views illustrating 
a third embodiment of the present invention. 
Fig, 7E6 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7E7 is plane andsection views illustrating 
a' third embodiment of the present invention. 
Fig. 7E8 is plane and section views Illustrating 
a third embodiment of the present invention. 
Fig. 7E9 is plane and section views illustrating 
a third embodiment of the present invention. 
Fig. 7E10 is plane and section views illustratin 
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g a third embodiment of the present invention. 

Fig. 7E11 is plane and section views illustratin 
g a third embodiment of the present invention* 

Fig, 7F is section view illustrating a third e mb 
odiment of the present invention. 

Fig. 7F1 is section view illustrating a third em 
bodiment of the present invention. 

Fig. 7G is section view illustrating a third emb 
odiment of the present invention. 

Fig, 7H is section view illustrating a third emb 
odiment of the present invention. 
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Fig. 8B1 is plane view illustrating a third embo 
diment of the present invention, 
Fig. 8C is section view illustrating a third emb 
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a fourth embodiment of the present invention. 
Fig. lOD is plane and section views illustrating 
a fourth embodiment of the present Invention. 
Fig. lOE is plane and section views illustrating 
a fourth embodiment of the present invention. 
Fig. 10 F is plane and section views illustrating 
a fourth embodiment of the present invention. 
Fig. IQFl is plane and section views illustratin 
g a fourth embodiment of the present invention. 
Fig. lOG is plane and section views illustrating 
a fourth embodiment of the present invention. 
Fig. lOGl iG plane and section views illustratin 
g a fourth embodiment of the present invention. 
Fig. lOH is plane and section views illustrating 
a fourth embodiment of the present Invention. 
Fig. 101 is plane and section views illustrating 
a fourth embodiment of the present invention. 
Fig, IGJ is plane and section views illustrating 
a fourth embodiment of the present invention. 
Fig. 1 OK is plane and section views illustrating 
a fourth embodiment of the present invention. 
Fig. IIA is plane and section views illustrating 
a fifth embodiment of the present invention. 
Fig. IIB is plane and section views illustrating 
a fifth embodiment of the present invention. 
Fig. lie is plane and section views illustrating 
a fifth embodiment of the present invention. 
Fig. IID is plane and section views Illustrating 
a fifth embodiment of the present invention. 
Fig. IIE is plane and section views illustrati n g 
a fifth embodiment of the present invention. 
Fig. IIF is plane andsection views illustrating 
a fifth embodiment of the present invention. 
Fig. IIFI is plane and section views illustratin 
g a fifth embodiment of the present invention. 
Fig. IIG is plane and section views illustrating 
a fifth embodiment of the present invention. 
Fig. IIGI is plane and section views illustratin 
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g a fifth embodiment of the present invention. 

Fig. IIH is plane and section views illustrating 

a fifth embodiment of the present invention. 

Fig. IIHI is plane and section views illustratin 
g a fifth embodiment of the present invention. 

Fig. Ill is plane and section views illustrating 

a fifth embodiment of the present invention. 

Fig. 1111 is plane and section views illustratin 
g a fifth embodiment of the present invention. 

Fig. 12 is plane and section views illustrating 
a fifth embodiment of the present invention. 

Fig. 13 is plane and section views illustrating 
a fifth embodiment of the present invention. 

Fig. 14 is plane and section views illustrating 
a fifth embodiment of the present invention. 

Fig. 15A is plane and section views illustrating 

a fifth embodiment of the present invention. 

Fig. 15B is plane and section views illustrating 

a fifth embodiment of the present invention. 

Fig. 15B1 is plane and section views illustratin 
g a fifth embodiment of the present invention. 

Fig. 15C is plane and section views illustrating 

a fifth embodiment of the present invention. 
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1 Abstract 

Ultra dense integrated circuits including a dynamic random access memory (DRAM) anay with 
a minimum 1 lithographic squant ceU size and a 6 transistor CMOS static random access memory 
(SRAM) cdl with a minimum of 40 Udiographic squares can be fonned by a novel vertical 
tmnsistor named Buried Gate Transistor (BGT). The BGT has less shon channel effect, higher 
reliability and reproducibility, and better device uniformity than any odier vertical ttansistor; the 
BGT has higher performance (or higher cunent drivability) and higher density than any advaiiced 
planar transistor because the BGT has a larger effective channel widd, even in a small occupied 
area. Second, the problem of limitation in die channel lengtii imposed by Uthography is overcome. 
Third, die BGT has higher immunity against misregistration and higher yield dian any conventional 
device. Therefore, the BGT is supwior to any odier tranastor in the wcwld. 
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